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1. INTRODUCTION. 
To initiate the discussion it would be appropriate to 
consider the subdiscipline of Urban Hydrology. This field of 
research has been designated as the, "interdisciplinary 
science of water and its interrelationships with urban man," 
(Jones, 1971, p.258). The science of water, or hydrology, 
has only recently become an exact or physical discipline in 
which mathematical notation has been used to attempt to 
account for certain natural phenomena, in a similar manner 
in which physics progressed some centuries earlier. 
Yevjevich (1974) describes two major eras of determinism, in 
which hydrological phenomena were described 
deterministically rather than stochastically. 
The first era, around the turn of the last century, 
began with the interest of geophysicists and geographers in 
hydrological phenomena by measuring those variables of the 
atmosphere, the earth's surface, and beneath the ground. 
This approximately coincided in time with the development of 
Fourier series analysis which attempted to fit trigonometric 
functions to sequential processes. This coincidence of 
interest in natural phenomena and the development of 
mathematical techniques was likely the reason that the 
deterministic approach for discovering periodicities in 
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hydro log ica l time s e r i e s gained p o p u l a r i t y during the l a s t 
decades of the n ine t een th century and the f i r s t few of the 
twent ie th c e n t u r y . 
The second era of determinism i s in f u l l p rogress a t 
p r e s e n t . I t i s in the form of searching for d e t e r m i n i s t i c 
responses of hydro log ica l environments e i t h e r as a n a l y t i c a l 
func t ions , exper imental cu rves , or empir ica l r e l a t i o n s h i p s . 
B a s i c a l l y , i t involves the search for d e t e r m i n i s t i c 
r e l a t i o n s among the observed hydro log ica l random v a r i a b l e s . 
This w i l l become more apparent in the succeeding chap te r , 
the L i t e r a t u r e Review. 
Urban hydrology f i t s convenien t ly within the umbrella of 
i t s fa ther d i s c i p l i n e , hydrology, but c o n c e n t r a t e s on the 
r ap id ly evolving urban environment. As the wor ld ' s 
popula t ion expands a t an ever inc reas ing r a t e i t i s a l so 
becoming more urbanised at an even f a s t e r pace. This change 
from a formerly r u r a l ex i s t ence to a complex urban soc i e ty 
has increased most r a p i d l y in the l a s t severa l decades , 
r e s u l t i n g in a vas t c e n t r a l i s a t i o n of popula t ion in to very 
small a r e a s . This c e n t r a l i s a t i o n has c rea ted a concen t r a t i on 
of e s c a l a t i n g demands on man's surrounding environment, 
which has in turn produced complex and d ive r se problems of 
an economic, s o c i a l , p o l i t i c a l , and phys ica l n a t u r e . Within 
the vas t spectrum of problems of a phys ica l na tu re those 
which are w a t e r - r e l a t e d are considered in the realm of urban 
hydrology. 
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In 1969 an American Socie ty of Civ i l Engineers (ASCE) 
Task Force Progress Report noted t h a t such problems w i l l 
become of even g r e a t e r importance in the f u t u r e . The urban 
popula t ion of USA may r e p r e s e n t t h r e e - q u a r t e r s of the t o t a l 
populat ion by 1980, and poss ib ly as much as f o u r - f i f t h s by 
2000. Urban popu la t ions es t imated at 193 m i l l i o n for 1980 
and at 219 mi l l i on for 2000 w i l l occupy urban land areas of 
approximately 32 mi l l i on and 45 mi l l i on ac res r e s p e c t i v e l y . 
Thus, by the year 2000 urban land area in the USA has been 
est imated to be as l i t t l e as 2.4% of the t o t a l a rea , 
i l l u s t r a t i n g t h a t from the s tandpoin t of the n a t i o n a l land 
area the problem of u rban i s a t i on s t i l l appears to be 
r e l a t i v e l y l o c a l i s e d . However, 
" i t i s in t h i s l imi t ed land area t h a t some 80% of our 
popula t ion w i l l l i v e and where the bulk of our economic 
wealth wi l l be s i t u a t e d . Recognising t h a t i t i s in the 
realm of p r o t e c t i n g l i f e and proper ty t h a t the flood 
con t ro l program o p e r a t e s , i t i s obvious t h a t i t i s in 
t h i s same l imi t ed land area t h a t most flood con t ro l 
development w i l l occur . Hence the need for g r e a t e r 
i n s i g h t and unders tanding of the e f f e c t s of urban 
development on the flood flows a g a i n s t which p r o t e c t i o n 
must be provided ," (Smith, 1969, p . 2 8 9 ) . 
Unfor tunately t h e r e i s genera l agreement as to the lack 
of p rec i se knowledge of urban w a t e r - r e l a t e d problems, 
inc luding flood c o n t r o l , 
" I t quickly became apparent t h a t remarkably l i t t l e 
q u a n t i t a t i v e information was a v a i l a b l e on the broad 
imp l i ca t i ons of the e f f ec t of u r b a n i s a t i o n on water 
r esources management," (Schneider , 1975, p . 4 5 0 ) . 
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While, in July 1975, a workshop session held by the 
ASCE, was summarised by Whipple & Hufschmidt (1976) who 
stressed that, "Urban hydrology is much neglected" and 
expressed concern at the, "slow progress in solving 
metropolitan area water problems," (p.762). Furthermore, it 
was suggested, 
"The many and complex i n t e r a c t i o n s of land and water 
in the urban s e t t i n g some of which are only beginning 
to be i d e n t i f i e d , emphasise the importance of 
i n t e g r a t i n g , or a t l e a s t c o - o r d i n a t i n g the planning 
and management of water r e sources and l a n d - u s e , " 
(Whipple & Hufschmidt, 1976, p . 7 6 3 ) . 
McPherson (1972a) c a s t i g a t e d t h i s neg l ec t s t a t i n g t h a t , " the 
f i e ld of urban hydrology i s almost devoid of modern re sea rch 
inves tment , " ( p . 2 ) , and a lso suggested t h a t too few data 
have been c o l l e c t e d to d e s c r i b e the e f f ec t of urban and 
suburban development on flood runoff. The ASCE i n i t i a t e d the 
Urban Water Resources Research Programme in 1969 to help 
r e d r e s s the b a l a n c e . This programme a t tempts a comprehensive 
r e sea rch approach to a l l w a t e r - r e l a t e d problems within urban 
a r e a s , one of the most important of which i s f lood ing . 
Engineers were the f i r s t to respond to the problems of 
a l l e v i a t i n g urban flooding and t r a n s p o r t i n g storm runoff, 
because of the c o n s t a n t l y i nc reas ing cost of, and demand for 
adequate urban d r a i n a g e . In USA, m i l l i o n s of d o l l a r s are 
being spent annual ly by f e d e r a l , s t a t e , and loca l agenc ie s , 
yet the engineer ing des igns for these expend i tu res are often 
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of n e c e s s i t y based on meagre hydrologic d a t a . For example, 
Los Angeles County spent $179 mi l l i on on storm d ra in s to 
r e l i e v e loca l f looding and s t i l l found t h a t i t needed 
a d d i t i o n a l d r a i n s cos t ing about $1 b i l l i o n to provide 
adequate r e l i e f from loca l f loods and to p r o t e c t as yet 
undeveloped a r e a s . For the whole of USA the American Public 
Works Associa t ion (APWA) est imated the value of a l l those 
sewers a l ready i n s t a l l e d , a t a 1965 cons t ruc t i on cos t l e v e l , 
a t over $22 b i l l i o n . Over the 1966-1969 p e r i o d , the average 
annual cost was c a l c u l a t e d to be $2,500 m i l l i o n ; $1,300 
mi l l i on in d e f i c i e n c i e s , obso lescence , and d e p r e c i a t i o n and 
$1,200 mi l l i on in fu ture growth, ( ex t r ac t ed from t a b l e s in 
McPherson, 1969, p .161-162) . 
Despite t h i s investment urban flooding i s s t i l l a major 
concern; such t h a t l o s s e s can range from such temporary 
d i s r u p t i o n s as t r a v e l d e l a y s , power f a i l u r e s , and minor 
f looding to ex tens ive damage of h ighly va luab le proper ty 
from inunda t ion . Throughout the USA d i r e c t economic cos t s of 
urban flooding are es t imated by the Corp. of Engineers a t 
about $1 b i l l i o n per annum, which i n c r e a s e s to a t l e a s t $1.6 
b i l l i o n i f unobserved urban flood l o s s e s a re accounted fo r . 
In t o t a l , 
I n t roduc t i on 5 
" i t i s easy to account for d i r e c t l o s s e s and 
expend i tu res amounting to more than $4 b i l l i o n 
per annum, and these f i gu re s p lace no value on 
publ ic inconvenience, i n t e r r u p t e d or diminished 
produc t ive c a p a b i l i t y , t ime l o s s e s , r e l i e f 
measures , or human mise ry , " ( Jones , 1971, p . 2 6 3 ) . 
Although the engineer ing sc ience dominates urban 
hydrology a t the moment, the sub jec t i s r a p i d l y becoming 
i n t e r d i s c i p l i n a r y . Recently t h e r e has been an inc reas ing 
concen t ra t ion of r e sea rch on man's impact on h i s 
environment. Physical and resource geography has 
c o n t r i b u t e d , in p a r t , to t h i s development of the ea r th and 
environmental s c i e n c e s . Within the urban environment the 
study of urban f looding has been developed mainly through 
the r e sea rch of geomorphologis ts . This r e sea r ch has evolved 
through the applied or problem-oriented approach to 
environmental i s sue s and resource e v a l u a t i o n . Chow (1967) 
declared t h a t , 
"for the wise management and i n t e l l i g e n t use of water 
r e s o u r c e s , t h e r e i s a need to a s c e r t a i n the magnitude 
and consequences of man's in f luence on the physica l 
environment ," ( p . 6 ) . 
For example, the physica l c h a r a c t e r i s t i c s of watersheds are 
c o n t i n u a l l y being modified by man's changes in l a n d - u s e , in 
t h i s c a s e , urban l a n d - u s e . In f a c t , during UNESCO's 
r e sea rch programme known as the I n t e r n a t i o n a l Hydrologic 
Decade (IHD) from 1965-1974, the in f luence of man on the 
hydrologic cycle was noted as one of the f ive major problem 
a r e a s ; s t a t i n g t h a t in regard to urban l a n d - u s e , 
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"the replacement of wi ld lands or farmlands by massive 
c o n s t r u c t i o n s of a c i t y i s perhaps the most d r a s t i c of 
a l l l a r g e s c a l e changes in land-use brought about 
by man," (UNESCO, 1972, p . 5 5 ) . 
Upon r e f l e c t i o n , the engineer ing approach c o n c e n t r a t e s 
on the d i f f e r e n t types of changes in streamflow t h a t a re 
caused by u r b a n i s a t i o n , while the broader environmental 
approach tends to consider the e f f e c t s of those streamflow 
changes on the urban landscape i t s e l f . Indeed as pa r t of the 
l a t t e r approach, geographers with a t r a d i t i o n a l background 
in geomorphology and more p a r t i c u l a r l y in f l u v i a l 
geomorphology, when cons ider ing the urban hydrologic 
environment seem to have concent ra ted upon a number of 
s p e c i f i c a r e a s . For example, Graf (1976) s tudied the changes 
in channel and flood p la in c o n f i g u r a t i o n s , whi le the changes 
in sediment loads and y i e l d s can be exemplified by a study 
c a r r i e d out by Douglas (1974) . L a s t l y , Hammer (1972) 
i nves t i ga t ed the inc rease in channel c r o s s - s e c t i o n s in 
r e l a t i o n to d i f f e r i n g types of urban l a n d - u s e s . 
F i n a l l y , Chow (1967) s t a t ed t h a t , 
"Geography changes the na tu re of hydrologic problems as 
hydrologic regimes d i f f e r from one area to ano the r . 
In a s sess ing the p r i o r i t y of a hydrologic problem for 
i n v e s t i g a t i o n , the fac to r of geography must be 
considered in add i t ion to o ther f a c t o r s such as 
economic c a p a b i l i t y , " ( p . 9 ) . 
In conc lus ion , the need for urban hydrologic r e s e a r c h , 
p a r t i c u l a r l y involving flood problems, i s emphasised. 
Furthermore, the r ecen t expansion in environmental sc iences 
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has r e s u l t e d in a common i n t e r d i s c i p l i n a r y concern in these 
problems, a l though p a r t i c u l a r r e sea rch p r i o r i t i e s from each 
d i s c i p l i n e are e v i d e n t . This study now reviews the r e sea rch 
on the e f f e c t of u rban i s a t i on on streamflow in order to 
p resen t a subsequent case study of the inf luence 
u rban i sa t i on e x e r t s on streamflow, and can be included 
within the r e c e n t l y expanding i n t e r d i s c i p l i n a r y base of 
urban hydrology. 
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2. LITERATURE REVIEW. 
In order to review the various themes covered by urban 
hydrologic studies researching the effect of urbanisation on 
streamflow a structure should be devised to facilitiate this 
purpose . 
Amorocho & Hart (1964) describe the study of the 
hydrologic cycle as being approached by two main paths, 
which characterise, in the final analysis, the basic 
motivation of the workers in the field. In the first case 
various research activities into the physical sciences have 
been pursued, dealing with phenomena related directly or 
indirectly to the hydrologic cycle. The aggregation of these 
studies Amorocho & Hart termed "physical hydrology", 
although the sciences involved are not generally confined to 
hydrologic problems alone. The primary motivation here is 
the study of the physical phenomena; generally the eventual 
practical application of this knowledge for engineering or 
other purposes is recognised but not explicitly sought. This 
covers the majority of urban hydrologic studies considered 
herein and which devote themselves to quantifying the effect 
of urbanisation on streamflow. 
In the second case, a great deal of work has been 
carried out on the investigation of hydrologic systems for 
the explicit purpose of establishing quantitative 
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relationships between precipitation and runoff, which can be 
used for the reconstruction or prediction of flood sequences 
and watershed yields. Amorocho & Hart labelled this path as 
"systems investigations". Within urban hydrologic studies 
this can be seen to be concerned with the simulation or 
mathematical modelling of urban storm water runoff. 
This review, however, concentrates upon the first path, 
"Physical Hydrology", in which Amorocho & Hart suggest the 
emphasis is centred upon topics or foci of study that 
consider hydrologic component phenomena and their 
relationships. By adopting this concept, research on the 
effect of urbanisation on streamflow may be reviewed in 
terms of the different components of streamflow that are 
altered by the presence of urbanisation. Thus, a series of 
major streamflow components may be considered in turn; each 
one concerned with a particular aspect of streamflow. Table 
2.1 presents the major components that are reviewed; those 
being the time distribution, the peak discharge, and the 
runoff yield. Within the major components, more specific 
variables [1] are reviewed separately, particularly where 
they consider different aspects of the streamflow 
components. For example, within the peak discharge 
component, the Hydrograph Peak considers the changes in the 
peakflow of individual precipitation - runoff events and the 
Mean Annual Flood considers the changes in the flood peak 
that has a recurrence interval [2] of 2.33 years. 
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TABLE 2.1 
THE MAJOR STREAMFLOW COMPONENTS UNDER REVIEW. 
"Physical Hydrology" 
(Streamflow components and variables affected) 
TIME DISTRIBUTION COMPONENT 
Lag Time Variable 
Time of Rise Variable 
PEAK DISCHARGE COMPONENT 
Hydrograph Peak Variable 
Mean Annual Flood Variable 
Low Flood Frequency Variable 
RUNOFF YIELD COMPONENT 
After illustrating the changes that occur in different 
streamflow components because of the effects of 
urbanisation, some of the processes by which urbanisation 
actually induces those changes are considered. Finally, 
some of the methods that have been devised to measure 
urbanisation within a catchment are discussed. 
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2.1 Changes in Streamflow Components. 
S tud ies concerned with the e f f e c t of u r b a n i s a t i o n on 
streamflow c h a r a c t e r i s t i c s suggest t h a t the sur face flows 
from urbanised a reas d i f f e r from " n a t u r a l " a reas in severa l 
ways [ 3 ] . These may be i d e n t i f i e d as changes i n : 
a) t o t a l q u a n t i t y or y i e l d ; 
b) t iming and d i s t r i b u t i o n of f lows, as shown by the 
hydrograph shape; 
c) c h a r a c t e r i s t i c s of bas in d i s c h a r g e , as well as 
changes caused by e x t e r n a l i n f l u e n c e s , (Waananen, 1969, 
p.170-171 ) . 
The major i ty of r e sea r ch cons ider ing these d i f f e r e n c e s 
has been c a r r i e d out in the USA, when as e a r l y as 1954 the 
Texas D i s t r i c t of the Water Resources Divis ion of the 
Geological Survey began i t s urban hydrology s t u d i e s with the 
Waller Creek p r o j e c t . This p ro j ec t was e s t a b l i s h e d to 
provide r a i n f a l l and runoff data to def ine the e f f e c t s of 
p rogress ive u r b a n i s a t i o n on peak flows and the 
r a i n f a l l - r u n o f f r e l a t i o n , (Schne ider , 1969). To eva lua te the 
changes quoted above a number of d i f f e r e n t , yet s i g n i f i c a n t 
v a r i a b l e s have been c o n t i n u a l l y u t i l i s e d . A " v a r i a b l e " i s 
understood to be a c h a r a c t e r i s t i c of the system t h a t can be 
measured and t h a t assumes d i f f e r e n t numerical va lues a t 
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different times, (Freeze, 1974, p.634). The more important 
variables, those that continually appear in the literature, 
are listed in Table 2.1. Many of these variables have been 
defined in a slightly different manner even though they 
measure essentially the same aspect of the streamflow. For 
example, Appendix 1 lists a number of definitions for the 
hydrologic variable, 'lag time', which essentially measures 
the time elapsed between a precipitation event and its 
subsequent runoff event. 
The extent to which urbanisation alters the hydrologic 
performance of a watershed is difficult to evaluate because 
runoff data are usually not available before the 
encroachment of urbanisation. This lack of data has resulted 
in two general methodologies: 
a) The first involves the use of synthetic methods to 
simulate the hydrologic conditions of the watershed prior to 
urban development; 
b) the second involves a direct comparison between 
existing urban and rural watersheds which are assumed to be 
hydrologically similar except for the effects of 
urbanisaton, (Esprey, Winslow & Morgan, 1969, p.216). 
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FIGURE 2 . 1 
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Although the latter approach, which in essence depicts 
research of an empirical nature, appears to be the most 
predominant in research studies, both of them require the 
use of hydrologic variables for evaluating the effects of 
urbanisation. By far the most common procedure for 
evaluating these effects is to relate the hydrologic 
variables to some particular drainage basin characteristics 
Consequently, the following sections discuss the changing 
relationships between certain variables and a number of 
measurable drainage basin factors, by presenting the 
findings of this research. 
2.1.1 Time Distribution. 
There are essentially two major hydrologic variables 
which can be considered separately herein; the lag time and 
the time of rise. The 'lag time' is generally described as 
the time elapsed between the precipitation event and it 
subsequent runoff hydrograph while the 'time of rise' is 
defined as the time between the beginning of the storm 
runoff and its peak discharge, see Figure 2.1. 
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2.1.1.1 Lag Time. 
The most common method of measuring the effect of 
urbanisation on the time distribution of runoff has employed 
the variable, 'lag time'. Carter (1961) presented the first 
comprehensive study of lag time variations due to 
urbanisation. He defined the lag time as, "the average time 
interval (T4) between the centroids [4] of rainfall excess 
and of the resulting flood hydrograph," (p. 10). In studying 
20 basins in the area around Washington D.C., Carter 
suggested that the lag time approximated a function of the 
ratio: L/S 0*5 . From the data provided by the undeveloped 
catchments, equation 2.1 was derived. 
T4 = 3.10 (L/S°-5) 0.6 (Eq. 2.1) 
where, L = t o t a l l ength of the main channel to 
of the rim the b a s i n , (ml.) 
S = the weighted slope of the main 
stream channel , ( f t . / m l . ) . 
From C a r t e r ' s f ind ings summarised in Figure 2 .2 , i t can be 
concluded t h a t a p a r t i a l l y sewered watershed [5] w i l l reduce 
the lag time by approximately 60% and a completely sewered 
watershed wi l l reduce the lag time by approximately 80%. 
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I t should be noted t h a t Curve 3 on Figure 2 .2 i s der ived 
s o l e l y from data provided by Snyder (1958); those b a s i n s 
being descr ibed as completely sewered with no n a t u r a l 
channe l s . Anderson, D.G. (1963) a lso confirmed the magnitude 
of these r e s u l t s in concluding t h a t complete sewering of 
bas ins in Vi rg in ia reduced the lag time by as much as 85%. 
Martens (1968) u t i l i s i n g equa t ions from both C a r t e r ' s 
and Anderson's work der ived h i s own empir ica l c o e f f i c i e n t s 
for the lag time equa t ion , see Figure 2 . 3 . "These equa t ions v 
i n d i c a t e t h a t the lag time (T3) for a p a r t i c u l a r point on a 
stream may be reduced to l e s s than one- four th (75%) of i t s 
n a t u r a l value as a bas in becomes f u l l y developed," (Martens, 
1968, p . 1 6 ) . 
Eagleson (1962) extended the Unit Hydrograph concept to 
urban c o n d i t i o n s to i l l u s t r a t e v a r i a t i o n s in lag t ime . He 
used the d e f i n i t i o n of lag time presented by L i n s l e y , 
Kohler, Paulus (1958) , (T1) , which was then r e l a t e d to a 
geometr ica l parameter of the watershed, s i m i l a r to the 
parameter devised by Ca r t e r , see Eq. 2 .2 . 
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T1 = L.Lca/S °*5 (Eq. 2 .2) 
where, T1 = the time from the beginning of the 
r a i n f a l l to the cen t ro id of runoff; 
L and S defined the same as C a r t e r ' s ; 
Lea = the d i s t a n c e in fee t measured along the 
main dra inage channel from the poin t of 
i n t e r e s t to a poin t oppos i t e the computed 
cen t ro id of the d ra inage a r e a . 
From t h i s equat ion Eagleson der ived the empi r ica l r e l a t i o n , 
shown in Eq. 2 .3 and on Figure 2 .4 . 
T1 = 0. 18 w0-3 8 (Eq. 2.3) 
where, w = the r igh t -hand s ide of Eq. 2 .2 . 
From f ive urban watersheds in L o u i s v i l l e , Kentucky, Eagleson 
concluded t h a t u r b a n i s a t i o n caused r educ t i ons in lag time of 
86%, 78%, and 49% when compared to the lag t imes of 
mountainous, f o o t h i l l , and v a l l e y watersheds r e s p e c t i v e l y , 
see Figure 2 .4 . However, Eagleson a l so appl ied another lag 
time d e f i n i t i o n , t h a t l i s t e d as T2 in Appendix 1, which 
rendered the empi r ica l r e l a t i o n : 
T2 = 0.06 w ° - 3 8 (Eq. 2.4) 
where, w = the r igh t -hand s ide of Eq. 2 .2 . 
This i s a lso shown on Figure 2.4 as the do t ted l i n e and 
consequent ly shows t h a t the d e f i n i t i o n s T1 and T2 produces a 
g r e a t e r d i f f e r ence than those produced by the d i f f e r e n t 
l a n d - u s e s . 
Literature Review 21 
F i n a l l y , Taylor (1975) compared the lag t imes between a 
r u r a l subcatchment and i t s urban par tner on the f r inge of an 
urban area by averaging the hydrologic c h a r a c t e r i s t i c s from 
11 ra ins torm e v e n t s . The small instrumented catchment, 
con ta in ing an upper r u r a l and a lower urban subbas in , was 
s i t u a t e d on the per iphery of Peterborough, On ta r io . The 
r e s u l t s ind ica ted an implied reduc t ion of the urban lag time 
to 46% of the average r u r a l v a l u e . 
2 . 1 . 1 . 2 Time of Rise . 
This t ime d i s t r i b u t i o n v a r i a b l e i s a s soc i a t ed with the 
hydrologic response to p r e c i p i t a t i o n on ly , being the time 
from the beginning of the storm runoff to the peak d i scharge 
of t h a t runoff even t , see Figure 2 . 1 . Van S ick le (1969) 
showed t h a t in comparing the previous r u r a l cond i t i ons to 
the urban c o n d i t i o n s t h a t the time to r i s e had decreased ;" 
from 12 hours to 3 hours for the Brays Bayou catchment in 
Texas, see Table 2 . 2 . 
S i m i l a r l y , H o l l i s (1974) in a study on the Canon's 
Brook, Essex, England showed t h a t as the watershed 
experienced the p rog re s s ive encroachment of urban land-use 
the time of r i s e of the average un i t hydrograph for sepa ra te 
time per iods decreased from 4.8 hours to 2.1 hour s , a 55% 
reduct ion . 
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July, 1939 
November, 1940 
September, 1941 
November, 1943 
October, 1949 
Synthetic for 
U.S.C.E. design 
May, 1953 
April, 1959 
October, 1959 
June, 1960 
Predicted 
Ultimate 
1 ,800 
1 ,680 
1,340 
1 ,220 
1 , 100 
1 ,800 
2,200 
4,640 
4,200 
4,560 
6,000 
TABLE 2 . 2 
UNIT HYDROGRAPH CHARACTERISTICS, BRAYS BAYOU TEXAS, 
1939-1960 , (from Van S i c k l e , 1969, p . 2 4 1 ) . 
Peak D i s c h a r g e Time to 
Storm Rate , c f s . Peak, h o u r s 
12 
12 
12 
15 
12 
12 
6 
4 
5 
3 
2 . 5 
Thus, in conclusion i t appears tha t the time 
d i s t r ibu t ion var iables are reduced s ign i f ican t ly by the 
effects of urbanisat ion. 
2.1.2 Peak Discharge. 
There are two main analyses used to measure the effect 
of urbanisation on peak discharge; flood frequency analysis 
and hydrograph analysis. Under hydrograph analysis, which 
concentrates on discrete precipitation - runoff events, only 
the hydrograph peaks (Q on Figure 2.1) are considered. Under 
flood frequency analysis, which uses probability theory to 
relate the size of a flood to a probability of occurrence, 
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the mean annual flood is considered separately from the more 
extreme but lower frequency floods. 
2.1.2.1 Hydrograph Peak. 
In analys ing a t o t a l of 21 ra ins torm e v e n t s , Taylor 
(1975) found t h a t urban peaks flows always exceeded r u r a l 
va lues by a t l e a s t a f ac to r of two. For 10 events t h a t 
occurred during the f a l l the average urban hydrograph peak 
exceeded t h a t of the r u r a l peak by 2.22 t i m e s . This r a t i o 
was not cons t an t but var ied presumably with the antecedent 
mois ture c o n d i t i o n s and ind iv idua l storm c h a r a c t e r i s t i c s . 
However, for 11 storm events recorded in the spr ing the 
r a t i o s between urban and r u r a l hydrograph peaks per un i t 
area were h ighly v a r i a b l e , ranging from 3-0 to 17 .8 , with an 
average urban value 7.1 t imes the r u r a l . 
The Unit Hydrograph a n a l y s i s has been commonly used to 
study these e f f e c t s . Crippen (1965) cons t ruc ted the average 
15-minute un i t hydrographs for Sharon Creek, Ca l i fo rn i a for 
a period before urban development and for a period a f t e r 
development. The un i t hydrographs r e f l e c t the bas in 
c h a r a c t e r i s t i c s under the regime of the stream before and 
a f t e r the development. The average peak d i scha rge was found 
to have increased from 180 c f s . to 250 c f s . 
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H o l l i s (1974) cons t ruc ted the average one-hour un i t 
hydrograph for t h r ee sepa ra t e pe r iods throughout which the 
encroachment of urban land-use con t inued , see Figure 2 . 5 . 
The un i t hydrograph for 1950-1954 exempl i f ies the 
"pre-urban" or " n a t u r a l " c o n d i t i o n s , while the remaining two 
per iods are influenced by a p rog res s ive development such 
t h a t by 1968 some 16.6% of the catchment was paved. 
A s i m i l a r catchment study can be found in the USA. Van 
S ick le (1969) analysed 27 yea r s of r ecords from the Brays 
Bayou, Houston, Texas. During t h i s period the catchment 
changed from undeveloped farmland to an e x t e n s i v e l y 
urbanised area and the corresponding change in the un i t 
hydrographs i s i l l u s t r a t e d in Figure 2.6 and Table 2 . 2 . 
These above examples i l l u s t r a t e an except ion to the r u l e 
t h a t data i s unava i l ab le before urban development; t h a t 
de t r imen t a l s i t u a t i o n mentioned a t the beginning of Sect ion 
2 . 1 . 
Because of the lack of hydrologic data in the years 
preceding u rban i s a t i on of the Waller Creek, Aust in , Texas i t 
was necessary to develop empi r ica l equa t ions de sc r i b ing the 
hydrograph under c o n d i t i o n s before u r b a n i s a t i o n . This was 
accomplished by ana lys ing data from 11 r u r a l watersheds from 
Southern USA, (Esprey, Morgan, & Masch,- 1965). These 
equa t ions descr ibed a l l the hydrologic v a r i a b l e s ind ica ted 
in Figure 2.1 in terms of c e r t a i n basin c h a r a c t e r i s t i c s . The 
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relationships were derived by applying a stepwise multiple 
linear regression analysis. The peak discharge derived for 
rural basins is shown by Eq. 2.5. 
QR = 1 .70 x 10 3 A °-88 TrR-°-30 (Eq . 2.5) 
Where, QR = peak discharge for a rural 
catchment, (c fs . ) ; 
A = drainage area (sq.ml.); 
TrR = time of r i s e , see Figure 2 .1 , 
for a rural catchment, (min.); 
Subscript R refers to rural conditions. 
A similar regression analysis had already produced an 
empirical equation for the hydrologic variable, time of 
r i s e , See Eq. 2.6: 
TrR = 1.24 (L/S°-5 )0.36
 ( E q > 2 . 6 ) 
L = total length of the main channel 
to the rim of the basin, (ml.); 
S = the weighted slope of the main 
stream channel, (ft./ml.). 
This relationship compares very closely with that of Carter 
(1961), see Eq. 2.1. It was found that the introduction of 
the time of rise, which represents the integrated effects of 
the geometric characteristics of the watershed, produced 
considerable improvement in the statistical fit of the peak 
discharge regression equation. 
Using the above equations, together with similar 
equations derived for the remaining hydrograph variables, 
Literature Review 27 
the 30-minute un i t hydrograph shape was cons t ruc ted for the 
Waller Creek under assumed r u r a l c o n d i t i o n s . This hydrograph 
was compared to the e x i s t i n g 30-minute un i t hydrograph to 
eva lua te the e f f e c t of e x i s t i n g u rban i s a t i on on the 
hydrograph shape, (Esprey, Morgan, & Masch, 1966). Following 
a s imi l a r procedure empir ica l equa t ions were der ived from 22 
urban watersheds so t h a t the e f f ec t of fu ture urban 
development could be assessed for the Waller Creek, by a 
comparison of the e x i s t i n g and the pred ic ted hydrographs. 
The equat ion der ived for the peak d i scha rge of the urban 
catchments could bes t be expressed as a funct ion of the 
dra inage area and the time of r i s e ; see Eq. 2 . 7 . 
QU = 1.93 x 10 4 A°-91 TrU~°-94
 ( E q # 2 . 7 ) 
where, QU = the peak d i scha rge of an urban 
catchment, ( cfs . ) ; 
A = area of catchment , ( s q . m l . ) ; 
TrU = time of r i s e of an urban 
catchment, (min); 
Subsc r ip t U r e f e r s to urban ca tchments . 
Again, the time of r i s e was e m p i r i c a l l y d e r i v e d , See Eq. 
2 . 8 . 
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TrU = 2 0 . 8 0 L 0 . 2 9 S - 0 . 1 1 J - 0 . 6 1
 ( £ q < ^ % ) 
where , I = t he p e r c e n t a g e of i m p e r v i o u s c o v e r , 
L and S a r e p r e v i o u s l y d e f i n e d , 
0 = a new urban f a c t o r to accoun t fo r 
t h e r e d u c t i o n in t h e t ime of r i s e 
t h a t i s due t o c h a n n e l improvement 
by t h e a d d i t i o n of s torm s e w e r s . 
Tab le 2 . 3 p r o v i d e s t h e c l a s s i f i c a t i o n . 
TABLE 2 . 3 
THE 0 CLASSIFICATION, 
(from E s p r e y , Morgan, & Masch, 1 9 6 5 ) . 
0 CLASSIFICATION 
0.6 
Extensive channel improvement 
and storm sewer system, closed 
conduit channel system. 
0.8 
Some channel improvement and 
storm sewers; mainly cleaning 
and enlargement of existing 
channel. 
1.0 Natural channel conditions 
The derived equations were then applied to both the 
gauging stations on the Waller Creek, one at 23rd. and one 
at 38th. St., to establish hydrographs under rural, 
existing and predicted urban development in order to 
determine the present and future effects of urbanisation o 
the runoff characteristics of the watershed. 
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TABLE 2.4 
SUMMARY OF SOME EFFECTS OF PRESENT AND FUTURE URBAN 
DEVELOPMENT ON THE WALLER CREEK WATERSHED AT 23rd. ST. 
Time Percent Percent 
Stage of Difference Peak Difference 
of Rise Based on Discharge Based on 
Development (mins) Rural Values (cfs) Rural Values 
Rural 
1 = 0 % 105 0 1 ,460 0 
Present 
I = 27% 57 -46% 2,200 +51% 
Future 
I = 50% 50 -52% 2,360 +62% 
TABLE 2.5 
SUMMARY OF SOME EFFECTS OF PRESENT AND FUTURE URBAN 
DEVELOPMENT ON THE WALLER CREEK WATERSHED AT 38th ST. 
Time Percent Percent 
Stage of Difference Peak Difference 
of Rise Based on Discharge Based on 
Development (mins) Rural Values (cfs) Rural Values 
Rural 
1 = 0 % 103 0 880 0 
P vQs©n t 
I = 21% 55 -47% 2930 +6% 
Future 
I = 50% • 47 -54% 1,460 +66% 
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A summary of the es t imated changes in the time of r i s e and 
the peak d i scha rge i s presented in Table 2.4 and 2 . 5 . , (from 
Esprey, Morgan, & Masch, 1966, Tables 10 & 11) . 
This r e sea r ch was continued by Esprey, Winslow, & Morgan 
(1969) who derived new empi r ica l equa t ions which included 11 
urban and 6 r u r a l watersheds from Houston, Texas. The 
combined data represen ted a t o t a l of 33 urban and 17 r u r a l 
wate rsheds . The a n a l y s i s showed t h a t channel roughness in 
the Houston catchments caused a s i g n i f i c a n t v a r i a t i o n . This 
v a r i a t i o n was a t t r i b u t e d to seasonal v a r i a t i o n s in channel 
v e g e t a t i o n . The e f f e c t of channel vege t a t i on growth r e s u l t e d 
in a diminished peak d i s c h a r g e , as i l l u s t r a t e d by two 
30-minute un i t hydrographs for Berry Bayou, Houston, see 
Figure 2 . 7 . To account for t h i s d i f f e r e n c e the 0 value was 
redefined to r e f l e c t the changes in channel roughness as a 
r e s u l t of seasonal v a r i a t i o n in v e g e t a t i o n , see Table 2 .6 . 
Using the new equa t ions the Hunting Bayou a t Houston 
ind ica ted t h a t the p resen t peak d i scha rge with c o n d i t i o n s of 
27% impervious cover and a 0 value of 1.25, had increased 
about 50% from i t s pre-urban v a l u e . In a conf i rmatory 
r e sea rch p ro j ec t Brater and Sangal (1969) examined the 
equa t ions of Esprey e t a l . (1966) for s ix watersheds in the 
D e t r o i t a r e a . 
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FIGURE 2.7 
30-MINUTE UNIT HYDROGRAPHS (BERRY BAYOU AT GILPIN) 
LIGHT AND HEAVY VEGETATION, 
( fro* Esprey e t • ! . , 19*9, p .224) . 
B - l 
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6 -
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3 -
1-
i i 1 r 
3 4 5 6 
TIME, MINS. IN 100's. 
HEAVY VEGETATION 
LIGHT VEGETATION 
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TABLE 2 . 6 
REDEFINED 0 CLASSIFICATION 
(from E s p r e y , Winslow, & Morgan, 1 9 6 9 ) . 
0 = 01 + 0 2 
01 CLASSIFICATION 
Extens ive Channel Improvement and 
0.6 Storm-sewer System, Closed Conduit 
Channel System 
Some Channel Improvement and Storm 
0.8 Sewers; mainly Cleaning and 
Enlargement of Ex is t ing Channel 
1.0 Natural Channel Conditions 
02 CLASSIFICATION 
0.0 No Channel Vegetation 
0.1 Light Channel Vegetation 
0.2 Moderate Channel Vegetation 
0.3 Heavy Channel Vegetation 
They concluded that the peak values obtained have the same 
order of magnitude as those of the Detroit watersheds for 
both the urban and rural conditions, which provides some 
evidence as to the general applicability of these equations, 
2.1.2.2 Mean Annual Flood. 
In a similar manner to the hydrograph analysis the 
influence of urbanisation on the mean annual flood has been 
evaluated in terms of the basin physiographic 
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c h a r a c t e r i s t i c s . C a r t e r (1961) r e l a t e d t h e mean annua l f lood 
to l a g t i m e , d r a i n a g e a r e a , and the p e r c e n t a g e of i m p e r v i o u s 
cover w i t h i n t h e b a s i n , a s e x p r e s s e d in e q u a t i o n s 2 . 9 and 
2 . 10. 
Q = 223 K A0-85T4 -0.45 (Eq. 2 . 9 ) 
whe re , Q = mean annua l f l o o d , ( c f s . ) ; 
A = d r a i n a g e a r e a , ( s q . m l . ) 
T4 = lag t ime as p r e v i o u s l y d e f i n e d ; 
K = an a d j u s t m e n t based on t h e d e g r e e 
of i m p e r v i o u s cover of t h e d r a i n a g e 
a r e a , such t h a t : 
K = 0 . 3 0 + 0 .00451 
0 .30 
(Eq. 2 . 1 0 ) 
where, I = percentage of impervious cover 
within the drainage basin. 
Eq. 2.9 was derived using a multiple regression analysis 
on data from 18 watersheds, which indicated a standard error 
of -22 and +29%. Then, using both Eqs. 2.7 and 2.10 in 
conjunction with Figure 2.2 the effect of urbanisation could 
be determined. For example, assume that the relation between 
T and L/S 0'5changes the values given in Curve 1 to the 
values given in Curve 2 on Figure 2.2 because of urban 
development, and that the percentage imperviousness is 
increased from 0 to 12%. Then the ratio of the mean annual 
flood under suburban conditions to that with undeveloped 
conditions can be calculated as follows: 
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Q(Suburban) 3 .10 
Q(Undeveloped) |1 .20 
0.45 0.345 1.8 (Eq. 2 . 1 1 ) 
0 .300 
Thus , t h e e f f e c t of suburban deve lopmen t in t h e b a s i n s 
around Washington D.C. i s t o i n c r e a s e t h e mean annua l f lood 
some 1.8 t i m e s i t s undeve loped v a l u e . 
Mar t ens (1968) c o n t i n u e d t h i s l i n e of r e s e a r c h in 
d e v e l o p i n g t h e e q u a t i o n fo r K, ( E q . 2 . 1 0 ) , a s f o l l o w s : 
K = 0 .30 - 0 . 3 0 ( 1 / 1 0 0 ) + 0 . 7 5 ( 1 / 1 0 0 ) (Eq. 2 . 1 2 ) 
0 .30 
K = an adjustment based on the degree of 
impervious cover in the basin; 
I = the percentage of impervious cover 
within the basin. 
The value 0.30 represents that proportion of any 
precipitation event that is converted into streamflow under 
natural conditions, while 0.75 represents the proportion of 
runoff expected from completely impervious basins. The 
figure 0.30 has been verified for streams around Charlotte, 
but the figure 0.75 has not yet been verified due to the 
lack of basins meeting the required specifications. Martens 
(1968, p.20) suggests that this figure is "reasonable". From 
this equation (Eq. 2.12) the mean annual flood is increased 
2.5 times over the natural value for a basin with 100% 
impervious cover. 
Using this revised equation (Eq. 2.12) Anderson, D.G. 
(1970) applied these concepts to 44 basins in North 
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V i r g i n i a , as compared to the 18 watersheds and 7 urban 
streams analysed by Carter and Martens r e s p e c t i v e l y , and 
derived an equat ion which was extremely c lose to C a r t e r ' s 
o r i g i n a l ; compare Eqs. 2.9 and 2 . 1 3 . 
Q = 230 K
 A °-82 T -0 .48 ( £ q > 2 < 1 3 ) 
where a l l the v a r i a b l e s a re p rev ious ly de f ined . 
Researching along s imi l a r l i n e s Wilson (1967) , in analys ing 
ten years of r eco rds from the c i t y of Jackson, M i s s i s s i p p i , 
concluded t h a t the mean annual flood increased by two to 
t h r ee t imes , compared the flood in adjacent r u r a l a reas 
which were analysed in an e a r l i e r s tudy . The four ba s in s 
analysed produced annual f loods from j u s t below 2 to 3.5 
t imes t h e i r r u r a l approximat ions , see Figure 2 . 8 . 
EFFECT Of URBANISATION ON MEAN ANNUAL FLOODS IN JACKSON, 
MISSISSIPPI, (arfter Wilson, 1968) . 
FIGURE 2 . 8 
0 20 
PERCENTAGE OF BASIN WITH STORM SEWERS 
AND IMPROVED CHANNELS 
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In concluding his research Wilson (1967) extrapolated his 
results to estimate the increase in flood size for a 
completely urbanised basin, with 100% impervious cover. He 
speculated that the annual flood could be increased 
approximately 4.5 times its rural value. 
Anderson, D.G. (1970) continued this line of 
investigation by developing a ratio of the mean annual flood 
under certain hypothetical urban conditions to the mean 
annual flood under natural conditions. This ratio was 
calculated in terms of lag time (T), the impervious 
coefficient (K), the flood ratio (R), and the drainage area 
(A), as shown in Equations 2.14 and 2.15. 
Qd 
Qn 
Qd 
Qn 
2 30 Kd A0-82 Td -°-48R(j 
0.82 -0.48 
230 Kd A Td Rd 
-0.48 
(Eq. 2.14) 
Kd Rd 
Kn Rn 
Tn 
Td 
(Eq. 2.15) 
where the subscripts [d] and tn] refer to the 
developed and natural conditions respectively 
and Q, T, K, A, are all previously defined. 
R is the flood ratio based upon 
interpolation between the ratios for the 
natural flow conditions and those for 100% 
impervious conditions derived from 
rainfall frequencies. 
From this equation Anderson, D.G. computed a series of flood 
ratios for a number of predetermined urban conditions, see 
Table 2.7. 
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TABLE 2.7 
THE RATIO OF THE DEVELOPED TO UNDEVELOPED MEAN ANNUAL FLOOD 
FOR DIFFERENT URBAN CONDITIONS, (after Anderson, D.G. 1970) 
Developed to Undeveloped Ratio 
Recurrence Imperviousness Completely sewered basin I Basin having sewered 
Interval I having aligned channels I tributaries, unaligned 
(years) (percent) and specified (L/S ) I main channels, and 
value I specified (L/S0.5) 
0_J 1.0 10 0.1 1.0 10 
ir 2 . 3 3 0 3 .07 2 .76 2 . 4 4 2 . 4 0 2 . 2 0 2 . 0 0 
Cf 
(D 
T 
Q) 
C+ 
C 
~i 
rt> 
30 
< 
s, 
20 3 .99 3 .59 3 .17 3 .11 2 .86 2 . 6 0 
50 5 .37 4 . 8 3 4 .27 4 . 2 0 3 .85 3 .50 
100 7 .68 6 .90 6 .10 6 .00 5 .50 5 .00 
First of all, the urban conditions are based upon the extent 
of sewering; there being two divisions: 
a) A completely sewered basin with aligned channels; 
b) basins with sewered tributaries and unaligned 
channels. 
Secondly, three different time travel factors or length -
slope ratios are considered: 
a) 0.1 represents a small, steep basin; 
b) 1.0 represents an "intermediate" basin; 
c) 10 represents a large, flat basin. 
(The length-slope ratio is derived from L/S '•* so if (L) is 
small and (S) is large, as expected in a small, steep basin 
the resultant ratio would be low, around 0.1. Conversely, 
with (L) large and (S) small, as is possible in a large, 
flat basin, the resultant ratio would be large and 
represented by 10.0). So, if a basin which was intermediate 
in class, was completely sewered and had a 50% impervious 
cover Table 2.7 indicates that it would have a mean annual 
flood of 4.83 times its former natural value. 
To conclude this section Hammer (1973) investigated the 
increase in mean annual floods from eight urbanising basins 
around Washington D.C. He used population density as an 
index of urbanisation because it could be easily estimated 
from Census Tract data and because the physical measurements 
of impervious areas were much more costly and time 
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consuming, (p .13) . His r e s u l t s indicated that the average 
annual flood increases by about 18% of i t s pre-urbanisation 
value for each 1000-person increase in r e s iden t i a l 
population per square mile of watershed area. Thus, an 
increase in population density of 5500-6000 persons per 
square mile from the rural condition causes the average 
annual flood to double. 
2 .1 .2 .3 Low Frequency Floods. 
In considering the effect of urbanisation in terms of 
flood frequencies l e s s than the mean annual flood Hammer 
(1973) stated t ha t , 
" there i s good reason to bel ieve that urbanisation 
typ ica l ly has l ess impact on the magnitude of low 
frequencies floods than i s the case for high 
frequency f loods," (p .37) . 
This be l ief i s taken a stage further by Wilson (1967) who 
showed that the 50-year flood is only about twice the 
magnitude of the mean annual flood, a phenomena that d i f fe rs 
considerably from that for rural areas where the 50-year 
flood i s about three times the mean annual flood. The 
difference i s a t t r ibu ted to storm sewers, gu t t e r s and 
man-made di tches which function well during high frequency 
floods but are overtaxed during extreme floods and hinder 
the rapid removal of runoff. 
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However, opinions appear to dif fer with regard to how 
much the r e l a t i v e importance of urbanisation var ies with the 
frequency of flood considered. Some researchers , especia l ly 
those concentrating on basin lag time, tend to conclude that 
the increase in discharge due to urbanisation i s subs tant ia l 
even for the 50-year flood even though the r e l a t i v e effect 
decreases. While many planners and engineers appear to 
assume that the effects on the 50-year and 100-year floods 
are rather neg l ig ib le . 
Moreover, the major d i f f i cu l ty encountered in attempting 
to r e l a t e urbanisation to floods which occur infrequently i s 
the extreme shortage of streamflow data from urban bas ins . 
Furthermore, the evaluation of the flood frequency 
c h a r a c t e r i s t i c s of an urban basin i s complicated by the 
constantly changing urban landscape condi t ions . These 
l imi ta t ions have to be borne in mind when considering, for 
example, the evaluation of the effect of urbanisation on 
floods of various frequencies produced by Martens (1968) and 
i l l u s t r a t e d in Figure 2.9. 
The r a t i o of various flood frequency s izes to the mean 
annual flood for a number of "natural" basins around the 
Charlotte area was calculated using procedures developed by 
Dalrymple (1960). These values were plotted on the l e f t hand 
side of the graph, see Figure 2 .9 . 
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FIGURE 2.9 
A GRAPH SHOWING VARIATION OF FLOOD - FBEQUEIICY 
RATIO WITH PERCENT OF IMPERVIOUS AREA, 
(after Martens, 1968). 
50 yr. 
2.33 yr. 
IMPERVIOUS AREA IN PERCENT 
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Theoretical ratios were established for completely urbanised 
basins by converting ratios of rainfall intensities of a 
given frequency into ratios of runoff values of the same 
frequency, since runoff from a completely impervious basin 
will be directly proportional to the precipitation falling 
upon it. Then the factor K was taken into consideration by 
applying Eq. 2.12. Finally, these ratios were plotted on the 
right hand side of the graph on Figure 2.9 and the 
corresponding frequencies were joined by straight lines. 
From this graph, the mean annual flood can conceivably 
increase 2.5 times over its natural value for a basin with 
100% impervious cover. The value of the 50-year flood, 
however, hardly increases with a change from natural 
conditions to complete imperviousness. Thus the graph 
depicts a decreasing degree of effect with an increasing 
flood magnitude. Hammer (1973) quotes similar results, but 
considers the influence of urbanisation to be greater than 
that suggested by Martens (1968), 
"although the effect of urbanisation on peak 
discharge decreases with recurrence interval 
in relative terms, it generally does not 
decrease in absolute terms; thus the effect 
must be considered substantial for all recurrence 
intervals up to 100 years, (p.67). 
In this case Hammer (1973) used an urbanisation index which 
represented the expected channel enlargement ratio due to 
urbanisation: the channel cross-section area after 
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urbanisat ion, divided by channel cross-sect ion before 
urbanisat ion. This r a t i o (R) had already been developed in 
an ea r l i e r study, Hammer (1972), and was re-applied to 53 
streams in New Jersey, Pennsylvania, Maryland, and Delaware. 
Figure 2.10 i l l u s t r a t e s the r e l a t i v e increase in floods of 
various frequencies which r e su l t from urbanisat ion, based on 
the r e s u l t s from Hammer's research. The channel enlargement 
r a t i o can refer e i ther to the predicted ra t io of channel 
enlargement, based on land-use measurements or to a r a t i o 
based on observed channel areas . These r e s u l t s are however, 
incompatible in terms of a d i r ec t comparison with the 
r e su l t s from Martens' research because of the two di f ferent 
urbanisation indices employed in their respect ive s tud ies . 
Hollis & Luckett (1976) applied the techniques devised 
by Hammer to identify the morphometric and land-use factors 
that affected channel size in a wide range of catchments in 
West Sussex, England [ 6 ] . They concluded tha t , 
"Some support can be given to the idea that natural 
r iver channels are enlarged by increased flood 
flows from new urban areas constructed in the i r 
catchments. However, the evidence is somewhat 
equivocal. In the West Sussex study the leve ls of 
s t a t i s t i c a l explanation were rather low," (p.362) . 
The indecisive r e s u l t s obtained from th i s study were 
discussed in an enlightening c r i t ique by Park (1977) who 
presented a number of feasible explanations for these 
' su rp r i s ing ly ' indecisive r e s u l t s . 
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FIGURE 2.10 
RELATIONSHIP BETWEEN PEAK FLOW INCREASE AND INCREASE 
IN GIIANNEL CROSS-SECTION ftREA, FOR FLOODS OF VARIOUS 
RCCUMUCt INTERVALS, (after Ha«««r, 1973). 
T — I 1 1 J 1 1 1 1 
1.0 1.4 1.8 2.2 2.6 3.0 
R: RATIO OF INCREASE IN CHANNEL CROSS-SECTION 
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TABLE 2 .8 
FLOOD-PEAK-MAGNITUDE RATIOS FOR DEVELOPED BASINS TO 
NATURAL BASINS, ( a f t e r Anderson , D.G. 1970) 
Developed t o Undeveloped R a t i o 
R e c u r r e n c e I m p e r v i o u s n e s s Comple te ly sewered b a s i n I Bas in hav ing sewered 
I n t e r v a l I h a v i n g a l i g n e d c h a n n e l s I t r i b u t a r i e s , u n a l i g n e d 
( y e a r s ) ( p e r c e n t ) and s p e c i f i e d ( L / S 0 . 5 ) I main c h a n n e l s , and 
v a l u e I s p e c i f i e d ( L / S ° - 5 ) 
0_J 1.0 10 0 .1 1.0 10 
25 0 3 .07 2 . 7 6 2 . 4 4 2 . 4 0 2 . 2 0 2 .00 
2.56 2 .35 2 .13 
2 .85 2 .61 2 .38 
3 .22 2.95 2 .68 
50 0 3 .07 2 .76 2 . 4 4 2 . 4 0 2 . 2 0 2 . 0 0 
20 
50 
100 
20 
50 
100 
0 
20 
50 
100 
3.27 
3.64 
4.12 
3. 12 
3.30 
3.49 
3.07 
3.07 
3.07 
3.07 
2.94 
3.28 
3.70 
2.81 
2.96 
3.13 
2.76 
2.76 
2.76 
2.76 
2.60 
2.90 
3.27 
2.48 
2.62 
2.77 
2.44 
2.44 
2.44 
2.44 
H-  -12 .  2 .44 2 .24 2 .03 
a  -  .  .  2 .58 2 .36 2 .15 
2 .73 2 .50 2 .37 
100     2 .40 2 .20 2 .00 
2 .40 2 .20 2 .00 
»  .  . .  2 .40 2 .20 2 .00 
<  .  . .  2 . 40 2 .20 2 .00 
CD l 
- t 
cy> 
Anderson, D.G. (1970) developed Eq. 2.15 and Table 2.7 
to account for the sizes of different flood frequencies, see 
Table 2.8. This table supports the general conclusions that: 
1) A completely impervious surface increases the average 
size flood by a factor of 2.5, but impervious surfaces have 
a decreasing effect upon larger floods and so an 
insignificant effect upon the 100-year flood. 
2) The effect of sewer installation, independent of 
impervious development, is to increase flood peak magnitudes 
by a factor of 2 to 3. 
In an extensive study by Esprey & Winslow (1974) this 
research was continued by comparing the "dimensionless" 
flood frequency of rural and urban watersheds. The 
"dimensionless" flood frequency is defined as the peakflow 
discharge (Q) for a specific frequency of occurrence, 
divided by the mean annual flow (Q2.33). A graph was plotted 
of this ratio for the familiar Waller Creek, as urban 
watersheds, and of the nearby Wilbarger Creek to represent a 
rural watershed. The results are shown in Figure 2.11, which 
also indicates the actual discharge values. 
To compare the urban and rural conditions directly, the 
peak flows were reduced to a unit area. 
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THE "DIMENSIONLESS" FLOOD FIEOUEHCf CWIVES FOR THE 
WILBARGER CREEK AND THE WALLER CREEK 
WUhvrger Creek 
Waller Creek at _ _ 
23rd St 
Waller Creek at 
38th St 
Di •charge _ - - - . _ . 
0 ' 0 , „ „ ,.._.___., 
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FIGURE 2.13 
THE FLOOD FREQUENCY CURVES OF TWO HOUSTON CATCHMENTS. 
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The data were analysed for a given recurrence interval in 
terms of the ratio of the flow per sq.ml. of the basin (Q/A) 
for Waller Creek, to the flow per sq.ml. of the basin for 
Wilbarger Creek. Figure 2.12 shows the resultant graph in 
which the effect of urbanisation appears to increase up to a 
recurrence interval of 5 years after which the effect 
declines. Esprey & Winslow (1974) suggest that the peak 
between 2 and 5 years is probably a reflection of the design 
frequency of the storm sewer system for Waller Creek. 
However, the Brays Bayou and Whiteoak Bayou in Houston 
shows no decreasing effect with increasing recurrence 
interval, see Figure 2.13(a) and (b) respectively. In order 
to attempt to account for these differences a larger sample 
of watersheds was studied. First of all, the flood frequency 
curves were generated for 27 Texas catchments to calculate 
the flood peaks at the 2.33-, 5-, 10-, 20-, and 50-year 
recurrence intervals. Then these values were related to 
physiographic, rainfall, and urban factors for each flood 
frequency. The resultant equations are listed in Table 2.9. 
The correlation coefficients were estimated on the 
logarithms of the data whereas the average absolute 
percentage errors were based on the actual flow data. It 
should be noted that the channel urbanisation factor 0 
becomes more significant and the percentage of impervious 
cover less significant as the recurrence interval increases. 
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TABLE 2.9 
DERIVED FLOOD FREQUENCY EQUATIONS FOR 27 TEXAS 
WATERSHEDS, (from Esprey & Winslow, 1974). 
Equation 
Correlation Av. Absolute 
Coefficient Error, as a 
( logs.) Percentage 
Q z m A 0 - 7 5 ! 0 ' 2 ^ - 1 - 0 9 
Q =159 A 0 ' 7 7 I 0 ' 2 7 0 " 1 - 2 3 
Q = 1 9 3 A ° - 7 8 I ° - 2 7 0 - 1 - 4 0 
Q
 = 2 2 6 A ° - 7 9 I ° - 2 7 0 - ] - 5 8 
Q = 2 6 8 A ° - 7 9 I ° - 2 6 0 - 1 - 8 3 
0.93 
0.92 
0.92 
0.91 
0.90 
34 
36 
39 
42 
47 
++++++++++++++++++H 
TABLE 2.10 
DERIVED FLOOD FREQUENCY EQUATIONS FOR ALL 60 URBAN 
WATERSHEDS, (from Esprey & Winslow, 1974). 
Equation 
Correlation Av. Absolute 
Coefficient Error, as a 
( logs.) Percentage 
2.33 
1 6 9 A 0.7} 0 . 4 | 0 . 4 J 1 . 8 a - 1 . 1 7 
2.33 
0.80 0.2Z 0.43, 1.7^ -1-21 0
 5 . 172 A - 3 ? °'2l °Al ^ l 
Qln .178A°- 8 l ° - i l S 0 -*t 1 -V 1 - S 2 '10 
^20 
10 
2 4 3 A ° - 8 i 0 - 2 S 0 - 4 F ^ - 1 - 3 8 20 
Q50 = 297 A °-85 °-2l °"58 ^ _1-61 
0.97 
0.97 
0.96 
0.96 
0.96 
30 
31 
31 
32 
34 
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TABLE 2.11 
FLOOD DISCHARGE, PREDICTED VERSUS MEASURED 
FOR BRAYS BAYOU AT HOUSTON, TEXAS. 
Measured in c f s . Predicted in c f s . Error, as a 
Flood (cumecs) (cunecs) Percentage 
8,700 +28 
(244) 
13,000 +25 
(364) 
17,400 +33 
(487) 
20,500 +33 
(575) 
25,400 +40 
(711) 
++++++++++++++++++++++++++++++++++++++++++++++++++++++++++ 
TABLE 2.12 
FLOOD DISCHARGE, PREDICTED VERSUS MEASURED 
FOR PIMMIT RUN AT ARLINGTON, VIRGINIA. 
Measured in c f s . Predicted in c f s . Error, as a 
Flood (cumecs) (cumecs) Percentage 
Q2.33 
Q 5 
Q 10 
Q 20 
Q 50 
6,810 
(191) 
10,400 
(291) 
13,110 
(367) 
15,460 
(433) 
18,080 
(505) 
Q 2 .33 
Q 5 
Q 10 
Q 20 
Q 50 
1,470 
(41) 
2,160 
(60) 
2,780 
(78) 
3,410 
(95) 
4,290 
(120) 
(cunecs) -
1,320 
(37) 
1,880 
(53) 
2,520 
(71) 
2,980 
(83) 
3,780 
(106) 
cubic metres per second, 
-10 
-13 
-9 
-13 
-12 
see [143. 
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The same procedure was then carried out on 26 East coast 
catchments and it was found that the slope of the channel 
(S) was significant while the (I) and 0 factors were 
insignificant. Finally, a total of 60 catchments throughout 
USA were processed and it was concluded that the total 
rainfall for a given duration (R) became an important 
variable; the equations are listed in Table 2.10. 
To test these equations two urban catchments that had 
not been used in the derivations were studied. The equations 
were used to predict the flood peaks at various frequencies. 
These predicted values were then compared to the measured 
values from the catchments. It was found that the equations 
consistently predicted values that were approximately 30% 
too high for the Brays Bayou catchment in Texas, see Table 
2.11. However, the predicted values fared much better for 
the Pimmit Run catchment in Virginia, in that they recorded 
values consistently below the measured with an average error 
of only 12%, see Table 2.12. 
In conclusion, the majority of research suggests that 
the effect of urbanisation on low frequency floods decline 
relatively as the frequency decreases. However, there is 
still an increase in absolute terms. Some researchers 
suggest that for the most extreme floods, for example, the 
100-year flood, the effect of urbanisation is negligible, 
whereas others indicate that the effect is still 
significant. 
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2.1.3 Total Runoff Yield. 
Wiitala (1961) noted that the difference in peak flow 
was due entirely to the shape of the hydrograph and that 
there was no difference in the volume of surface runoff. 
However, there is substantial research evidence to suggest 
the contrary. 
For example, Harris & Rantz (1964) observed a large 
increase in the volume of storm runoff as a result of urban 
development in the 5.1 sq.ml. basin of Permanente Creek, in 
California. In 1945 only 4% of this area was covered by 
impervious surfaces and the volume of local storm discharge 
was less than the seepage capacity of the channels, so that 
the recharge of the underlying groundwater body occurred 
readily. The streamflow entering the study area was greater 
than that leaving the area. If the total outflow from the 
study area is considered to be the sum of the streamflow 
leaving the area, and the channel seepage within the area, 
the ratio of the total outflow to the streamflow entering 
was 1.18. Substantial urban development occurred during the 
period 1951-1955, and by 1958 the degree of imperviousness 
had increased to 19%. Harris & Rantz used a double mass 
curve analysis on the annual streamflow record to show that 
by 1958 the storm discharge had increased, being far in 
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excess of the channel losses, and that the ratio of total 
outflow to inflow had increased to 1.70. This indicated an 
almost fourfold increase in the local storm discharge since 
1945. 
As p a r t of t h e i r s t u d y , E s p r e y , Morgan, & Masch (1966) 
a l s o c o n s i d e r e d runo f f y i e l d . In an a n a l y s i s of u n i t s torm 
d a t a , 24 s e p a r a t e s t o r m s i n d i c a t e d t h a t , 
" a s i m p e r v i o u s cover c o n t i n u e s t o i n c r e a s e , t h e r u n o f f 
y i e l d from a l l s t a t i o n s on t h e Wal l e r Creek b a s i n w i l l 
c o n t i n u e t o i n c r e a s e , " ( p . 8 5 ) . 
In o r d e r to e v a l u a t e t h i s i n c r e a s e , a r a i n f a l l - r u n o f f 
r e l a t i o n was d e r i v e d w i t h i m p e r v i o u s cover as one of t h e 
assumed i n d e p e n d e n t v a r i a b l e s , a l ong w i t h t h e a n t e c e d e n t 
p r e c i p i t a t i o n i n d e x , and t h e amount and d u r a t i o n of 
r a i n f a l l . In t h e f o l l o w i n g e q u a t i o n 2 . 1 6 i m p e r v i o u s cover 
was i n t r o d u c e d in t h e form (1+1) in o r d e r t o d e t e r m i n e t h e 
r u n o f f from a s torm under c o n d i t i o n s of ze ro impe rv ious 
cover , 
R = (I -i- I ) 0 ' 3 3 9 (WMR) 1 , 7 2 ( A P I ) ° - 0 7 4 1 (Eq. 2 . 1 6 ) 
DTU973 
Dt 
w h e r e , R = r u n o f f y i e l d ( i n . / m l . ) ; 
I = p e r c e n t a g e of i m p e r v i o u s c o v e r ; 
WMR = amount of r a i n f a l l , ( i n s . ) ; 
API = a n t e c e d e n t p r e c i p i t a t i o n i n d e x ; 
Dt = d u r a t i o n of r a i n f a l l , ( m i n . ) . 
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From this equation the increase in runoff from an increasing 
impervious cover can be determined by evaluating the (1 + 1) 
factor, as compared to that produced by conditions of zero 
impervious cover. The percentage increase in runoff based on 
rural conditions is presented in Figure 2.14. 
FIGURE 2.14 
PERCENT INCREASE IN UNIT YIELD AS A 
FUNCTION OF IMPERVIOUS COVER ( 2 3 r d . S t . ) , 
(from E s p r e y , Morgan, & Masch, 1 9 6 6 ) . 
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L a s t l y , James (1965) used the Stanford Watershed Model 
to develop a s y n t h e t i c cont inuous long term hydrograph for 
Morrison Creek, Sacromento Co., C a l i f o r n i a , covering the 
years 1905-1963. The water ba lance parameters requ i red to 
c a l i b r a t e the model were der ived to r e p r e s e n t r u r a l 
c o n d i t i o n s , or those before urban development. The 
comparison of the s y n t h e t i c and recorded hydrographs 
consequent ly at tempted to i l l u m i n a t e the p rog re s s ive urban 
development i n to the catchment in terms of the changing 
hydrologic r e sponse . James (1965, p.232) concluded t h a t the 
e f f e c t s of complete u r b a n i s a t i o n over a 10 year period 
r e s u l t e d in a runoff y ie ld some 2.29 t imes the previous 
r u r a l v a l u e . Streamflow was increased in varying amounts, as 
much as six t imes the r u r a l value in the w e t t e s t year and 
g r e a t e r than 125 t imes in the d r i e s t yea r . The e f f e c t s shown 
in the hydrographic response demonstrated the reduced r o l e 
of s o i l mois ture s to rage in urban a r e a s , the inc rease in 
of f -season and l e s s e r f l oods , and a d e c l i n e in the 
basef lows. 
2 .1 .4 A S y n t h e s i s . 
To conclude the section on the "Changes in Streamflow 
Components" a brief outline and discussion of a paper by 
Leopold (1969) is presented. It attempted to summarise 
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existing knowledge on the effects of urbanisation on 
hydrologic factors. Leopold notes that there are four 
interrelated but separable effects of land-use changes on 
the hydrology of an area: 
1) Changes in the peak flow characteristics; 
2) changes in the total runoff; 
3) changes in the quality of water; 
4) changes in the hydrologic amenities. 
Only the former two have been considered in the previous 
sections, and these can be viewed together as the runoff or 
flow regimen. 
In order to summarise the effects of urbanisation the 
principal factors affecting runoff, impervious areas and the 
amount of sewer installation as a percentage of the total 
drainage area, were plotted against one another and 
connected by isopleths which illustrated the ratio of peak 
discharge under different urban conditions to the peak 
discharge under natural conditions, see Figure 2.15. This 
graph used the results of most of the studies mentioned 
previously, having first reduced them to a unit area of one 
square mile. Thus if urbanisation of a square mile catchment 
resulted in 60% of the area being rendered impervious and 
40% being served by sewers the net effect on the peak 
discharge would be to increase its value approximately three 
times over its former rural value. 
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FIGURE 2.15 
EFFECT OF URBANISATION ON MEAN ANNUAL FLOOD 
FOR A ONE-SQUARE MILE DRAINAGE AREA, 
( from L e o p o l d , 1 9 6 9 ) . 
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IN VARIOUS STATES OF URBANISATION,(from L e o p o l d , 1 9 6 9 ) 
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A second method of summarising these e f f e c t s r e l a t e d the 
degree of u r b a n i s a t i o n to the s i ze of flood of a given 
frequency. This i s g r a p h i c a l l y expressed in Figure 2 .16 . The 
graph shows the curves converging at the low flow v a l u e s . 
Leopold exp la ins t h i s convergence by the fac t t h a t the most 
frequent flows a re increased by smal ler r a t i o s than the mean 
annual f lood. Also these flows a re not sus ta ined by 
groundwater as in a n a t u r a l b a s i n . Leopold (1969) s t a t ed 
t h a t , "Obviously the frequency curves a re e x t r a p o l a t i o n s 
based on minimal data and r e q u i r e c o l l a b o r a t i o n or r e v i s i o n 
as a d d i t i o n a l f i e l d data becomes a v a i l a b l e , " ( p . 1 0 ) . Some 
r e sea rch tends to d i spu te Leopold ' s r e s u l t s and h i s 
exp lana t ion of Figure 2 .16 . 
Crippen & Waananen (1969) found t h a t the Sharon Creek, 
near San Franc isco changed a f t e r urban development from an 
ephemeral stream with a flow on only 20 days per annum in to 
a pe renn ia l s t ream. A s imi l a r change was noted by Har r i s & 
Rantz (1964) . H o l l i s (1975) a l so noted t h a t as a r e s u l t of 
paving 16.6% of a catchment the modal flow [7] was increased 
from 2 c f s . to 5 c f s . and the frequency of f loods in the 
range of 40 c f s . to 100 c f s . had increased from 8 to 27 per 
annum. H o l l i s reasoned t h a t the paved su r faces produced 
runoff and thus a r i s e in streamflow from very modest 
r a ins to rms which under n a t u r a l c o n d i t i o n s would be e n t i r e l y 
absorbed by s o i l s t o r a g e . 
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FIGURE 2 .17 
EFFECT OF URBANISATION ON FLOOD PEAKS, 
(from H o l l i s , 1975) . 
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Using a much larger data base, Holl is (1975) attempted 
to revise Leopold's synthes is . He expressed the r a t io of 
peak discharge after urbanisation to that before 
urbanisation as a function of the percentage of the 
catchment paved and to the return period of the flood, see 
Figure 2.17. However, in t h i s case the effect of 
urbanisation has again been reduced to a single factor , 
which i s considered as u n r e a l i s t i c . Hollis (1975) does, 
however, note that the position of urban development in the 
catchment and the degree of improvement of the drainage 
network have both been shown to be pa r t i cu la r ly important 
addit ional measures of urbanisat ion. Furthermore, Figure 
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2.17 allows the lower frequency floods to be considered. 
Jus t i f i ca t ion of t h i s consideration i s expressed in that 
these more extreme floods can cause the most s igni f icant 
damage. The i n i t i a l graph by Leopold, Figure 2.15, deals 
only with the mean annual flood while the subsequent graph, 
Figure 2.17 only speculates up to the 10-year flood. 
In sp i te of the reservat ions Figure 2.16 suggests t h a t : 
1) floods with a return period of one year or more are 
not appreciably affected by a 5% paving of the i r catchment 
area; 
2) small floods may be increased by a factor of 10 or 
more depending upon the degree of urbanisat ion; 
3) floods with a return period of 100 years may be 
doubled in size by the complete urbanisation of a catchment 
provided that at l e a s t 30% of the basin i s rendered 
impervious; 
4) the effect of urbanisation decl ines in r e l a t i v e terms 
as flood recurrence in te rva l s increase , (Hol l i s , 1975, 
p.434). In conclusion, the effect of urbanisation can s t i l l 
be shown in some cases to be s igni f icant even for the 
100-year flood, but the extent of the effect i s in some 
d ispute , varying from a doubling in size to ins ign i f i can t . 
Summarising th i s section (2.1) in qua l i t a t ive terms the 
effects of urbanisation shorten the time d i s t r i bu t ion 
var iab les ; increases the peak discharges of the flows, the 
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amount depending upon the return period or the flood 
magnitude; and finally increases the volume of runoff, due 
to the increase in smaller floods even though the 
contribution of groundwater decreases. All these effects are 
dependent upon the degree and type of urbanisation imposed 
on the catchments. The manner by which urbanisation actually 
affects the runoff and those components of the urban 
landscape that contribute to these effects are now discussed 
in the following section. 
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2.2 The Manner in which Urbanisation causes 
Changes in Streamflow. 
The ways in which urbanisation affect streamflow has 
until now been discussed in terms of the changes in the 
streamflow itself; for example the increase in peak 
discharge. How the actual changes in the streamflow have 
arisen and which components of the urban landscape actively 
contribute to producing these changes will now be 
considered. Then, some of the methods by which urban 
components have been actually measured or quantified will be 
reviewed. 
The changes expressed in streamflow variables illustrate 
the interference by urbanisation in the natural drainage 
process. Figure 2.18 is described as the "pre-urban 
hydrological system" and illustrates the water components 
for a typically large sector of the land prior to its 
urbanisation. The complexities imposed on this system by 
urbanisation can be appreciated by comparing Figure 2.18 
with Figure 2.19, a simplified "urban hydrologic system", 
(UNESCO, 1974). The streamflow component, only part of the 
complete hydrologic cycle, is marked on both figures by a 
thickened continuous line and indicates the numerous paths 
and processes introduced by urbanisation and which 
contribute to the streamflow components. 
Literature Review 64 
FIGURE 2.18 
PRE-URBAN HYDROLOGIC SYSTEM, 
(from UNESCO, 1974, p . 1 7 ) . 
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URBAN HYDROLOGIC SYSTEM, ( from UNESCO, 1 9 7 4 , p . 1 8 ) . 
Imported Low 
Flow 
Augmentation 
[ Deep Intruslonsf 
Essentially there are two phases in which the streamflow 
is altered: 
(a) the infiltration possibilities are reduced when the 
natural ground surface is replaced by impervious surfaces, 
such as highways, streets, parking lots, roofs, and 
buildings; all features common to the urban landscape. This 
phase particularly alters the volume of the streamflow. The 
infiltration of the pervious or urban green areas can also 
be affected, by bulldozing, soil mixing, and other technical 
procedures involved in construction of a city. 
(b) the drainage efficiency within urban areas is 
increased dramatically by the introduction of a dense 
network of artificial drains, (Lindh, 1972). These tributary 
drains remove the runoff much more rapidly than natural 
channels thus compressing the time of travel to the main 
channels and consequently playing a major role in 
determining the shape of the hydrograph. 
It would be difficult to place one phase above the other 
in importance, yet the great majority of recent 
investigations have been devoted to a better understanding 
of those factors affecting the shape of the hydrograph 
(essentially the second phase) while giving only cursory 
attention to the factors which determine the total volume of 
streamflow. These two phases are considered below as the 
infiltration characteristics (first phase) and drainage 
channel characteristics (second phase). 
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2.2.1 I n f i l t r a t i o n Charac te r i s t i c s . 
The actual losses tha t occur to d i f ferent storages on 
urban watersheds are no d i f ferent from those that occur on 
natural watersheds. Basical ly, they include in te rcept ion , 
depression s torage, and i n f i l t r a t i o n , (Viessman, 1966, 
p.407). However, the r e l a t i v e importance and the actual 
volumes of these losses are d r a s t i c a l l y a l tered for 
impervious areas and s l igh t ly al tered for pervious areas 
within urban a reas . For impervious areas the primary loss i s 
depression s torage, while intercept ion and i n f i l t r a t i o n , 
especia l ly for modelling purposes, can be considered as 
v i r t u a l l y non-exis tant . Depression storage i s described by 
McPherson, (1974): 
"Some of the precipitation which reaches roofs, 
pavements and other impervious surfaces is trapped 
in the many shallow depressions of varying size 
and depth present on practically all urban surfaces. 
There have been no field measurements of depression 
storage because of the obvious difficulties in 
obtaining meaningful data," (p.154). 
There appears to be some research evidence which 
contradicts the above statement about the field data on 
depression storage. Viessman (1966) measured the losses 
attributed to depression storage from four very small urban 
watershed plots, all with 100% imperviousness, and ranging 
in size from 0.4 to 1 acre. The average losses for each 
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plot, which were suggested above as being almost entirely 
composed of depression storage, were calculated and are 
presented with other plot information in Table 2.13. 
TABLE 2.13 
THE FOUR IMPERVIOUS URBAN PLOTS 
STUDIED BY VIESSMAN (1966). 
Location Plot Id No. Area Average losses per 
(acres) storm (ins) 
B a l t i m o r e SPL 1 0 .395 OTTO 
SPL 2 0 .469 0 .06 
Newark N 9 0 .636 0 .04 
N 12 0 .955 0 .14 
These a v e r a g e l o s s e s compare f a v o u r a b l y w i t h t h o s e s u g g e s t e d 
by Tho l in & K e i f e r ( 1 9 6 0 ) , who recommended a r e t e n t i o n or 
d e p r e s s i o n s t o r a g e v a l u e o f 1 / l 6 t h . ( 0 . 0 6 2 5 ) of an i n c h fo r 
p a v e m e n t s . 
Br idge & Kake la (1975) used t h e s e e m p i r i c a l l y d e r i v e d 
r e s u l t s t o a s s e s s t h e v a l u e of t h e i n i t i a l volume of s t o r a g e 
used in a model fo r e s t i m a t i n g wate r s u r p l u s , e v a p o r a t i o n , 
and d e f i c i t of i m p e r v i o u s a r e a s . They used 0 .067 i n c h e s a s 
t h e mean v a l u e for V i e s s m a n ' s t h r e e most r e l i a b l e 
measurements t o d e t e r m i n e t h e i n i t i a l l o s s of p r e c i p i t a t i o n 
from i m p e r v i o u s r u n o f f . 
B r a t e r (1968) s u g g e s t e d t h a t v a l u e s o f t h i s m a g n i t u d e 
cou ld be i n c o n s e q u e n t i a l when d e a l i n g w i t h l a r g e 
p r e c i p i t a t i o n - r u n o f f e v e n t s . C o n v e r s e l y one c o u l d assume 
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t h a t t h i s s t o r a g e has a r e c o g n i s a b l e e f f ec t on small 
r a i n s t o r m s . Viessman & Mi l le r (1972) derived an empi r ica l 
equat ion to e s t ima te the runoff volume from r a i n f a l l on 
t y p i c a l urban wate rsheds . These watersheds were not e n t i r e l y 
impervious . For r a i n f a l l of l e s s than 1.5 inches the runoff 
was es t imated by the r e l a t i o n s h i p between the percentage of 
impervious area and the percentage of excess r a i n f a l l , as 
shown in Eq. 2 .17: 
R = 1.165(1 - 0.17MP - l a ) (Eq. 2.17) 
where, R = runoff in i nches ; 
I = percentage of impervious a r e a ; 
P = r a i n f a l l in i nches ; 
la = initial abstraction in inches. 
The initial abstraction (la) was measured for the 
combined influence of the pervious and impervious areas. For 
example, Brater (1968) calculated the separate abstractions 
or retentions for the Red Run urban watershed near Detroit 
using Eq. 2.18 and 0.2 inches as the measured value of R. 
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RA = RiAi + RpAp (Eq. 2.18) 
where, R = the t o t a l i n i t i a l r e t e n t i o n 
for the watershed; 
A = the t o t a l area of the b a s i n ; 
Ai = the area of the impervious 
por t ion of the b a s i n ; 
Ap = the area of the pervious 
por t ion of the b a s i n ; 
Ri = the r e t e n t i o n from the 
impervious p o r t i o n ; 
Rp = the r e t e n t i o n from the 
pervious p o r t i o n . 
Viessman, Keat ing , & Srinwasa (1970) suggested t h a t an 
i n i t i a l a b s t r a c t i o n value ( l a ) of 0.15 inches was reasonab le 
judging from previous work by Viessman, (1968) and from the 
measured value above provided by Brater (1968) . Brater 
assuming an Ri value of 0.05 inches and with an impervious 
area of 10%, c a l c u l a t e d the r e t e n t i o n of the pervious area 
as 0.217 inches ; more than a fourfold inc rease over the 
impervious r e t e n t i o n . However, the Red Run watershed had a 
r e l a t i v e l y small ex ten t of imperv iousness . Mil ler & Viessman 
(1972) working with watersheds of much g r e a t e r 
imperviousness found t h a t the i n i t i a l a b s t r a c t i o n , l a , 
should be much lower, being between 0.10 and 0.15 i n c h e s . 
Consequently they suggest Eq. 2.18 should be l imi ted to 
urban watersheds with 35-80% imperviousness and for r a i n f a l l 
events of l e s s than two inches . 
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This indicates tha t impervious areas can produce runoff 
from rainstorms which would otherwise be t o t a l l y absorbed by 
the larger storage capac i t i es of the pervious a reas . Through 
the above discussion, "the opinion often expressed mainly by 
prac t i s ing engineers tha t impervious areas produce a hundred 
percent runoff," (Lindh, 1972, p.190), has been disproved 
along with the notion that f ield measurements of depression 
storage are non-exis tant , as mentioned previously by 
McPherson (1972b). 
Miller & Viessman (1972) suggest tha t the pervious areas 
of an urban watershed contribute to the runoff from large 
storms, probably beginning at 1.5 to 2.0 inches of r a i n f a l l , 
depending upon the hydrologic so i l c l a s s . After the i n i t i a l 
abstract ion almost a l l the p rec ip i ta t ion fa l l ing on 
impervious areas i s converted to runoff. Consequently the 
impervious areas with the i r reduced losses wil l also 
increase the expected runoff from the larger rainstorms. 
Now tha t the effect of impervious areas has been 
discussed the spa t ia l location and the areal var ia t ion of 
these areas within urban centres can be considered. The 
coverage of impervious areas within an urban landscape can 
be commonly rela ted to cer ta in land-uses . Unfortunately the 
d i s t r i bu t ion of these land-uses var ies not only between a 
c i ty centre and i t s contiguous metropolitan area but also 
from one metropolis to another. McPherson (1972b) l i s t s the 
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r a n g e of urban l a n d - u s e s among seven of t h e l a r g e s t American 
m e t r o p o l i s e s . These a r e shown in Tab le 2 . 1 4 . 
TABLE 2 .14 
THE RANGE OF URBAN LAND-USES FROM AMERICAN CITIES, 
(from McPherson, 1972b) . 
LAND USE MINIMUM PORTION MAXIMUM PORTION 
Resident ia l . 1/3 1/2 
Roads and S t r e e t s . 1/6 1/3 
Open Space and Recreation. 1/20 1/4 
Commercial, I n d u s t r i a l , 
I n s t i t u t i ona l and 1/8 3/10 
Mass Transportation. 
Furthermore, within each of these urban land-uses the extent 
of impervious coverage var ies considerably depending upon 
i t s actual s i tua t ion in re la t ion to the c i ty cen t re . For 
example, Stankowski (1972), using six urban and suburban 
land-use ca tegor ies , estimated the average percentage of 
impervious area for each land-use. This average had three 
different values depending on the location of the specific 
land-use. The "high" value was calculated for those 
land-uses within the centra l c i ty neighbourhoods; the 
"intermediate" value was determined for suburban 
neighbourhoods; and l a s t l y the " rura l" value represented a 
rura l or near rura l environment. For the actual values of 
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i m p e r v i o u s n e s s w i t h i n each l a n d - u s e , s e e T a b l e 2 . 1 5 . 
TABLE 2 . 1 5 
THE VARIATION IN IMPERVIOUSNESS IN DIFFERENT 
LAND-USE CATEGORIES, (from S t a n k o w s k i , 1 7 9 2 ) . 
LAND USE PERCENTAGE IMPERVIOUSNESS 
S i n g l e - f a m i l y r e s i d e n t i a l 
M u l t i - f a m i l y r e s i d e n t i a l . 
Commerc ia l . 
I n d u s t r i a l . 
P u b l i c and Q u a s i - p u b l i c . 
Low I n t e r m e d i a t e High 
12 
60 
80 
40 
50 
25 
70 
90 
70 
60 
40 
80 
100 
90 
75 
I t f o l l o w s t h a t t h e e f f e c t of i m p e r v i o u s n e s s can v a r y over a 
c o n s i d e r a b l e r a n g e b e c a u s e in t h e f i r s t c a s e i t s v a r y i n g 
i n f l u e n c e on d i f f e r e n t p r e c i p i t a t i o n e v e n t s and in t h e 
second case b e c a u s e of t h e v a r y i n g e x t e n t of t h e s e a r e a s in 
d i f f e r e n t urban l o c a t i o n s . 
2 . 2 . 2 D r a i n a g e Channel C h a r a c t e r i s t i c s . 
The most o b v i o u s change in t h e s u r f a c e d r a i n a g e p a t t e r n 
b r o u g h t abou t by u r b a n i s a t i o n i s t h e r e p l a c e m e n t o f 
n a t u r a l l y f lowing open c h a n n e l s by underground s torm and 
combined s e w e r s . F i g u r e 2 .20 i l l u s t r a t e s a 68 sq .km. s e c t i o n 
of t h e Rock Creek w a t e r s h e d near Washington D . C . , in 
Mary land . 
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The area in 1913 is shown in 2.20(a), when it was still 
rural and maintains a relatively large number of small, but 
open tributaries. Figure 2.20(b) shows the same area in 
1966, now covered by an intensely populated suburban area 
which has an extensive installation of underground storm 
sewers. Of the 103 kms. of naturally flowing stream channels 
that existed in 1913, only 42% could be found above the 
ground in 1966. 
TABLE 2.16 
DENSITY OF UNDERGROUND DRAINAGE CONDUITS 
IN SOME MAJOR CITIES 
(from McPherson, 1972b, p . 1 6 0 ) 
C i t y (A 
B o s t o n , Mass. 
C h i c a g o , 1 1 1 . 
D e t r i o t , M i c h . 
Los A n g e l e s , C a l . 
M i l w a u k e e , W is . 
New Y o r k , N.Y. 
P h i l a d e l p h i a , Pa. 
S t . L o u i s , Mo. 
San F r a n c i s c o , 
W a s h i n g t o n , D.C. 
Area 
o f 
C i t y 
, sq.km) 
124 
580 
360 
1,191 
246 
829 
337 
160 
114 
158 
T o t a l l e n g t h 
o f s to rm and /o r 
combined sewers 
( L , km) 
2 , 190 
5,786 
4 ,656 
1,389 
2 ,205 
6,650 
4 ,023 
1,796 
1 ,400 
2,816 
L/A 
(km/sq .km) 
17 .6 
10 .0 
13 .0 
1.2 
9 .0 
8 .0 
12 .0 
11 .2 
12 .3 
17 .8 
There are over 300,000 kms. of storm and combined sewers 
in the USA. I t i s t h e r e f o r e not s u r p r i s i n g to find t h a t the 
t o t a l l eng ths of underground dra inage condu i t s dwarf those 
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of the open water courses in major c i t i e s . Table 2.16 shows 
some examples of the d e n s i t y of underground condui t d ra inage 
in major American c i t i e s . The r a t i o of the t o t a l sewer 
length to the area of the c i t y , an urban equ iva l en t of the 
d ra inage d e n s i t y , ranges between 8 and 18, except for Los 
Angeles which makes more ex t ens ive use of open channel 
d ra inage than the o ther c i t i e s c i t e d . These f i g u r e s a r e , 
g e n e r a l l y speaking, higher than those commonly c a l c u l a t e d 
for n a t u r a l b a s i n s . 
S t r a h l e r (1957) examined a s e r i e s of b a s i n s under 
d i f f e r e n t l i t h o l o g i c a l cond i t i ons and within c e r t a i n 
physiographic r eg ions of the USA. The l i t h o l o g i e s included 
the r e s i s t a n t , massive Carboniferous sandstones of the 
Appalachian P l a t e a u , Pennsylvania; the igneous-metamorphic 
and P l e i s t ocene complex of the Coast Range in Southern 
C a l i f o r n i a ; and the badland topography in Arizona and New 
J e r s e y . The 15 bas ins analysed in the Appalachians produced 
low dra inage d e n s i t i e s between 2 .5 and 4.375 kms. per sq .ml . 
Whereas the d ra inage d e n s i t i e s of 27 bas ins in Southern 
Ca l i fo rn i a ranged from 6.25 to 8 .125. Only the badland 
topography produced d e n s i t i e s g r e a t e r than the urban 
e q u i v a l e n t s l i s t e d in Table 2 .16 . Three ba s in s in Arizona 
produced d e n s i t i e s between 125 and 187.5 . This i s because of 
the unique i n t e r f e r e n c e of man in d i s r u p t i n g the once s t a b l e 
s o i l mant le . 
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The ca t chmen t s i z e s of sewered d r a i n a g e a r e a s a r e 
g e n e r a l l y much s m a l l e r than t h o s e of t h e n a t u r a l s t r e a m s 
p a s s i n g t h r o u g h major urban a r e a s . T a b l e 2 .17 shows t h e 
s i z e s of some urban d r a i n a g e a r e a s , which i n d i c a t e s fo r 
example , t h a t in San F r a n c i s c o t h e median c a t c h m e n t a r e a of 
0 .77 s q . k m . m a i n t a i n s a p p r o x i m a t e l y 9 .5 kms. o f s e w e r s . T h i s 
i m p l i e s t h a t t h e underground d r a i n a g e s y s t e m s r e p l a c e m o s t l y 
t h e s m a l l e s t n a t u r a l c h a n n e l s b e c a u s e t h e n a t u r a l c a t chmen t 
b o u n d a r i e s t end to be p r e s e r v e d when s u b s u r f a c e d r a i n a g e 
sy s t ems a r e p r o v i d e d . The dense ne twork of underground 
c h a n n e l s r a p i d l y removes r u n o f f p r o d u c i n g s h o r t e n e d l a g 
t i m e s and h e i g h t e n e d peak d i s c h a r g e s . 
TABLE 2 .17 
STORM WATER DRAINAGE-CATCHMENT AREA-SIZE 
DISTRIBUTIONS FOR SOME MAJOR CITIES, 
( a f t e r T u c k e r , 1969) • 
T o t a l Area Number [ D r a i n a g e Area ] 
C i t y of C i t y , of L a r g e s t Average Median 
sq .km. Ca tchments sq .km. s q . k m . s q . k m . 
San F r a n c i s c o 114 42 17 .5 2 . 2 7 0 .77 
Washington 158 93 2 5 . 0 1.52 0 .26 
Milwaukee 246 465 7 .4 0 .39 0 .10 
Houston 1150 1283 1 0 . 3 0 .26 0 .02 
Al though t h e m a j o r i t y o f s to rm d r a i n a g e c o n d u i t s have 
sma l l h y d r a u l i c d e s i g n c a p a c i t y and u s u a l l y s e r v e o n l y s m a l l 
t r i b u t a r y a r e a s , b e c a u s e t h e y a r e so numerous t h e y 
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t ransport storm runoff from most of the metropolitan area. 
For example, from 70 to 90% of the t o t a l areas of Milwaukee, 
Washington, San Francisco, and Philadelphia are drained by 
sewered catchments, (Tucker, 1969). 
The rapid hydrologic response of most urban catchments 
i s not only the r e su l t of the dense network of underground 
conduits and the large proportion of the c i ty drained by 
sewers, but also because of the increased efficiency with 
which these channels convey runoff. Man-made conduits and 
s t r ee t gu t te rs have a much lower f r i c t iona l res i s tance than 
the natural minor r i l l s which formed the def in i te 
watercourses and ephemeral channels in the or ig inal 
catchment areas tha t they mostly rep lace . In addi t ion, 
nearly a l l major c i t i e s use improved natural channels or 
excavated purpose-built channels for the col lec t ion of storm 
water from drainage conduit o u t l e t s . McCuen & James (1972) 
calculated that for the 64 sq.ml. urban catchment of Pond 
Creek, the fraction of the to t a l channel length in an 
a r t i f i c a l l y improved s ta te increased from 18.6% in 1946 to 
56.7% in 1966. All these channels expediate the col lec t ion 
and concentration of the streamflow. For example, 
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"dramatic increases in peak runoff have been 
documented for some partially and even lightly 
sewered catchments, it appears likely that the 
increased peaks could be caused by the 
acceleration of flow afforded by the lower 
frictional resistance of streets and conduits, 
although the role of changed aggregate channels 
lengths is clearly uncertain," 
(McPherson, 1972b, p.17). 
Consequently, a number of differing reasons have been 
presented to account for the changes in streamflow caused by 
urbanisation. The interrelated nature of these urban 
components preclude the separate evaluation and the relative 
importance of these factors with any great precision. This 
problem has certainly been enhanced by the enormous 
variation in urban landscapes as regards the extent of 
impervious areas, the size and density of sewer networks, as 
well as the type of main channel improvement. So, in 
conclusion, one could agree with Brater & Sangal (1969) who 
stated that: 
"There is a need to develop more meaningful measures of 
the type and degree of urbanisation along with the 
improvement in the hydrological techniques," (p.212). 
2.3 Methods of Measuring Urban Parameters. 
The most commonly used expression to account for 
urbanisation in hydrologic studies has been the amount of 
impervious area as a percentage of the total drainage basin 
area. There are, however, at least four different methods by 
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which t h i s "degree" of u rban i s a t i on may be a t t a i n e d and 
these are cons ide r ed , in t u r n , below. 
2 .3-1 P lanimeter ing Method. 
The p lan imete r ing method and the land-use sampling 
technique may c e r t a i n l y be considered as convent ional 
methods and, for a geographer , the most common methods of 
determining a rea l ex ten t and p r o p o r t i o n . Unfor tuna te ly , the 
l i t e r a t u r e i s normally a t bes t ambiguous, and in some cases 
t o t a l l y s i l e n t in regard to the method of determining the 
urban pa ramete r s . For example, in a geographica l study on 
the impact of suburban i sa t ion on f l u v i a l geomorphology, Graf 
(1975) implied t h a t a reas of d i s t u r b a n c e , h i s urban 
parameter , were measured by a p lan imeter ing of photo-der ived 
maps. This was indeed the c a s e , being confirmed by a wr i t t en 
communication, [ 8 ] . However, a s imi l a r imp l i ca t ion can be 
i n t e r p r e t e d from the work of Ho l l i s (1974) . In t h i s case 
H o l l i s [9] e s t a b l i s h e d t h a t the method of measurement as a 
s t r a t i f i e d random un-al igned dot sampling t echn ique , which 
i s descr ibed by Berry and Baker (1968) . 
For a small basin (0.70 sq.km.) in Peterborough, Ontario 
Taylor (1975) measured the impervious area by d e l i m i t i n g a l l 
such su r faces on a l a r g e s c a l e map while in the f i e l d [ 1 0 ] . 
These a reas were then measured using a p lanimeter and 
expressed as a pe rcen tage . 
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The major problem with p lan imeter ing i s the excess ive 
labour input un less extremely s o p h i s t i c a t e d and expensive 
equipment can be employed. As an example, Graham et a l . 
(1974) used in f ra red colour a e r i a l photographs and a 
computer c o n t r o l l e d e l e c t r o n i c p lanimeter to measure 
impervious s u r f a c e s . This excess ive input w i l l , however, in 
i s o l a t i n g and measuring each s u r f a c e , produce a g r e a t amount 
of d e t a i l and yie ld an extremely accura te v a l u e . McCuen 
(1975) sugges ts t h a t the method can produce r e s u l t s , "most 
often within 1% of the t rue v a l u e , " ( p . 3 6 1 ) . The method 
appears to be most app rop r i a t e for small ca tchments . Both 
a e r i a l photographs and l a rge s ca l e maps can be used, 
accompanied i f neces sa ry , by f i e l d work to ob ta in 
s a t i s f a c t o r y r e s u l t s . 
2 .3 .2 Land-Use Sampling Method. 
As the s i ze of watersheds i n c r e a s e , the enormous labour 
and time inpu t s requ i red to perform a p lan imeter ing 
technique becomes extremely l a r g e . I t i s v i a b l e to 
incorpora te a sampling technique to es t imate the d i f f e r e n t 
urban l a n d - u s e s . As an example, Martens (1968) sampled 
d i r e c t l y from topographica l maps (Scale 1:40000). The 20 by 
30 inch shee t s were a l ready divided in to 24 f i ve by 
f i ve - i nch squares by c o - o r d i n a t e or gr id l i n e s . These 
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Squares were then sampled using a 100-point grid 
superimposed onto each section in turn . The impervious area 
as a percentage of the to t a l was determined by counting the 
number of in te r sec t ions that overlay impervious areas 
compared to the t o t a l number of in te r sec t ing poin ts . Thus 
the impervious area of the 30.5 sq.ml. Irwin Creek, 
Charlotte was calculated to be 10.9%, using a t o t a l sample 
of 9,211 po in t s , (Martens, 1968, p .10) . 
2.3.3 Empirical Relationships Method. 
One of the major l imi ta t ions confronting both the 
previous methods i s the fact that the actual s i tua t ion or 
information has to be already exis t ing and iden t i f i ab le in 
that i t has to be mapped or photographed. However, many 
mathematical simulation techniques using such land-use 
cha rac t e r i s t i c s as model parameters, are designed for the 
purpose of analysing or predicting the hydrologic effects 
resul t ing from future changes in land-use, especia l ly the 
encroachment of urbanisat ion. Obviously in t h i s case the 
previous two methods of measurement cannot provide the 
necessary land-use information because i t has yet to be 
r ea l i s ed . Information regarding planned populations, housing 
census forecas ts , and the l ike would be avai lable from 
planning agencies for future development a reas . Thus, Gluck 
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& McCuen (1975) devised some p r e d i c t i o n equa t ions which 
could r e l a t e land-use c h a r a c t e r i s t i c s to t h i s r e a d i l y 
a v a i l a b l e information to determine fu ture l and-use 
s i t u a t i o n s . To do t h i s , l and-use c a t e g o r i e s were r e l a t e d to 
census t r a c t da ta for some 92 t r a c t s within the 132 sq .ml . 
Anacostia R. bas in in Maryland. The census t r a c t s provided 
the independent v a r i a b l e s , l i s t e d in Table 2 .18 , which a l so 
d e p i c t s the c o r r e l a t i o n matr ix cons t ruc ted in a l i n e a r 
c o r r e l a t i o n a n a l y s i s with the ' p e r c e n t a g e of impervious 
a r e a ' as the dependent v a r i a b l e (Y) . The m a t r i x , which i s 
useful for i d e n t i f y i n g the degree of l i n e a r a s s o c i a t i o n 
between the independent v a r i a b l e s , i n d i c a t e s the most 
s i g n i f i c a n t v a r i a b l e , with a value of - 0 . 7 3 8 , was (X5); the 
d i s t a n c e from the c e n t r e of Washington D.C. 
The c o r r e l a t i o n matr ix was then used with s c a t t e r 
diagrams to i n d i c a t e some nonl inear r e l a t i o n s h i p s from which 
a nonl inear model p r e d i c t o r was developed. The c a l i b r a t e d 
equat ion (4 .3 ) was derived to p r e d i c t the percentage of 
impervious area and exp l a in s a s i g n i f i c a n t l y g r e a t e r 
percentage of the t o t a l v a r i a t i o n (27.8%) than the l i n e a r 
model i l l u s t r a t e d in Table 2 .18 . 
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TABLE 2.18 
THE CORRELATION MATRIX OF THE LINEAR MODEL 
(from Gluck & McCuen, 1 9 7 5 ) . 
VARIABLES XI X2 XJ X4 X5_ 
X1 P o p u l a t i o n d e n s i t y 
X2 Employment d e n s i t y 
X3 Pop . & Emp. d e n s i t y 
£ X4 Housing d e n s i t y 0 .912 0 .227 0 .712 1.000 
c+ 
* X5 D i s t . from Washington - 0 . 6 8 1 - 0 . 2 8 1 - 0 . 6 0 9 - 0 . 5 7 6 1.000 
= Y % of Impe rv ious a r e a 0 .730 0 .388 0 .714 0 .675 - 0 . 7 3 8 1.000 
a 
50 
< 
CD 
1.000 
0.166 
0.722 
1 .000 
0.802 
.  
1 .000 
I = 10.06 + 58.28/ 0.00128P \ - 1.258(D - 10.06) (Eq. 2.19) 
\1 + 0.00128P J 
where, P = popula t ion d e n s i t y , ( p e o p l e / s q . m l . ) ; 
D = d i s t a n c e from the CBD, ( m i s . ) . 
(CBD r e p r e s e n t s the n e a r e s t c i t y c e n t r e ) . 
Although these p r e d i c t i o n equa t ions r e q u i r e cons ide rab ly 
l e s s labour input than e i t h e r of the two convent ional 
methods, and use r e a d i l y a v a i l a b l e da ta the s tandard e r r o r 
of the e s t ima te may be in the order of 7%, (6.27% for the 
impervious area es t ima te ) and t h i s may be considered i t s 
g r e a t e s t drawback, (McCuen, 1975). 
2 .3 .4 The Weighted Means Method. 
Ha r r i s & Rantz (1964) f i r s t used an averaging technique 
which involved the e s t ima t ion of the mean impervious area 
for each of seve ra l types of bu i l d ing c o n s t r u c t i o n . Then, 
the numbers of each type of bu i ld ing c o n s t r u c t i o n was 
obtained from a e r i a l photographs and the t o t a l area of 
imperviousness for each type could be determined by 
mul t ip ly ing by the r e s p e c t i v e mean impervious a r e a . A 
summation of the t o t a l e s t imate for each type produced the 
t o t a l impervious coverage for the study a r e a . 
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H o l l i s (1974) c a r r i e d out a s imi l a r procedure 
c a l c u l a t i n g the mean area of impervious sur face per dwell ing 
in each of the neighbourhood u n i t s , and mul t ip ly ing t h i s 
value by the t o t a l number of dwe l l ings in t h a t u n i t . The 
summation of the f i gu re s for a l l the neighbourhoods produced 
the t o t a l area of impervious sur face for the catchment . 
Whereas Ha r r i s & Rantz averaged the type of b u i l d i n g , H o l l i s 
averaged the area of the b u i l d i n g s within each 
neighbourhood. However the time and expense requi red to use 
these t echniques and the employment of l a r g e s c a l e maps or 
a e r i a l photographs may hinder or prec lude a l l t oge the r the 
e s t ima t ion of impervious area by t h i s method. However, once 
a t y p i c a l s i t u a t i o n has been measured the r e s u l t s may be 
r e - a p p l i e d in o ther a reas of s i m i l a r u r b a n i s a t i o n . 
2.4 A Summary of the L i t e r a t u r e . 
F i r s t of a l l , the e f f e c t of u r b a n i s a t i o n on a number of 
streamflow components can be summarised: 
Time D i s t r i b u t i o n v a r i a b l e s a re reduced. In a number of 
s t u d i e s , ' l a g t ime ' was shown to decrease by over 80% from 
i t s o r i g i n a l ' r u r a l ' v a lue . 
Peak Discharge, measured by hydrograph a n a l y s i s , was 
i n c r e a s e d . S tud ies using the Unit Hydrograph a n a l y s i s showed 
tha t the inc rease in peak d i scha rge ranged between 1.5 to 
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4.0 times its former 'rural' value. Similarly, flood 
frequency analysis showed that the Mean Annual Flood 
increased by similar proportions. From the research of 
Anderson, D.G., (1970), Wilson, (1967), and Martens, (1968) 
extrapolations representing a basin with 100% impervious 
cover would increase the flood from 2.5 to 7.68 times its 
original value depending upon the urban conditions. 
The increases recorded in the low frequency floods were 
a matter of some dispute mainly because of inherent 
difficulties in handling the short length of records that 
appear to characterise most urbanised catchments. Generally, 
the relative increase in a low frequency flood was shown to 
be less than that for a higher frequency. However, the 
increase in absolute terms varied somewhat. For example, 
Hammer (1973) suggested the effect of urbanisation was still 
substantial at a 100-year recurrence interval whereas 
Martens (1968) indicated that at this frequency the effect 
was negligible. 
Runoff Yield was generally increased, even though the 
role of soil moisture and groundwater is reduced. This 
increase is the result of runoff responses from moderate and 
small precipitation events which would be entirely absorbed 
under 'rural' conditions. 
The interference of urbanisation with infiltration 
characteristics is epitomised by the fact that runoff from 
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impervious surfaces, common urban fea tures , i s almost 100% 
of the p rec ip i t a t ion from small events; only i n i t i a l losses 
to depressional storage are incurred during such an event. 
The r e su l t of t h i s interference increased the runoff yield 
from rainstorms as noted above. The var ia t ion in the amount 
of impervious surfaces within cer ta in urban locat ions and 
for par t icular urban land-uses i s also reviewed. However, 
the effect of t h i s var ia t ion on the streamflow has not been 
documented within as there appears to be a dearth of 
l i t e r a t u r e on t h i s aspect . The effect i s , however, implied 
in that a par t icu la r urban s i tua t ion can produce a greater 
or lesser e f fec t , depending upon i t s p roper t i e s . For 
example, the amount of imperviousness contained within that 
s i tua t ion can be estimated knowing i t s locat ion and the 
types of land-uses . Determination of the degree of influence 
can then be at tained from a table based on empirical s tudies 
such as those constructed by Leopold (1969), Figure 2.15. 
Urban areas appear to maintain a denser network of 
channels compared to many natural bas ins . Many surface 
channels a re , e i ther replaced by underground sewer networks, 
or a r t i f i c i a l l y improved to f a c i l i t a t e the t ranspor t of 
stormwater. Storm drains and sewers also operate at a higher 
efficiency in t ransport ing stormwater. These factors a l l 
combine to quicken the lag times and to heighten peak 
discharges. 
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Lastly, the merits and shortcomings of four different 
methods of measuring urbanisation are presented so that the 
most convenient method may be selected for the study 
particularly in relation to the availability of materials. 
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3. THE METHODOLOGY FOR THE CASE STUDY. 
The research presented hereafter attempts a case study 
analysis of the effect of urbanisation on streamflow within 
Southern Ontario by comparing the monthly streamflow from 
urban catchments with the corresponding streamflow from a 
nearby rural catchment in order to detect a difference 
between them, and to subsequently identify where that 
difference occurs. In order to carry out this analysis a 
certain methodology has to be established. This methodology 
is outlined in this chapter and includes: 
a) the physical arrangement adopted in order to carry 
out the analysis; 
b) the type of database that was to be acquired and 
analysed; 
c) the selection of catchments from those within 
Southern Ontario, bearing in mind the imposed limitations 
set by the constraints of the physical arrangement and the 
availability of data; 
d) the method of measuring the urbanisation within those 
catchments to which this applies; 
e) the description of the characteristics of each of the 
selected catchments; 
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f) a description of each type of analysis that was 
performed and the actual procedure employed to carry out 
each analysis. These analyses included a statistical test, 
time series and trend analysis, and a flow duration 
analysis. 
3.1 The Physical Arrangement for the Study. 
The Literature Review indicates that the majority of 
studies use the second approach discussed by Esprey, Winslow 
& Morgan, (1969, p.216) which involves a direct comparison 
between existing urban and rural watersheds which are 
assumed to be hydrologically similar except for the effects 
of urbanisation. This study adopted this procedure and 
further refined the scope of the study by applying this 
procedure to one of the physical arrangements recognised by 
Snyder (1971), the "paired watershed method". In fact, this 
arrangement has been used by McCuen & James (1972) who 
examined the changes in annual peak flows from an urban 
catchment (Pond Creek, near Louisville, Kentucky) and from a 
nearby rural catchment, (Nolin R.). 
From this arrangement "pairs" of data are provided, one 
item of the pair from the control watershed (rural), and one 
from the treated watershed (urban). Differences between the 
pairs of data can be detected and analysed. Although the 
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detection of differences presupposes that the differences 
between control and the treated watershed will result in 
differences in the streamflow from those catchments, the 
implication is that these differences are the result of the 
altered state, that is from a rural to an urban condition. 
3.2 The Type of Database Incorporated in the Study. 
Because of the basic common motivation to provide 
practical information that lies behind the majority of urban 
hydrologic studies reviewed, there is an almost ubiquitous 
feature regarding the type of data collected. The 
acquisition of data on variables controlling the urban 
runoff process centres upon various measurements of 
discrete, individual precipitation events and their 
resultant storm runoff hydrographs. The only exception 
mentioned in the Literature Review is performed by James 
(1965), who synthesised a continuous hydrograph series. 
The use of storm based data has resulted in a 
concentration of research on understanding the factors which 
determine the shape of the hydrograph. This has resulted in 
a detrimental effect on research analysing the factors 
affecting the volume of runoff. Consequently, this study 
will attempt to investigate the effect of urbanisation on 
volumes of runoff, using a monthly time base rather than the 
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more commonly used storm unit time base. The feasibility of 
using this monthly time base was initially investigated by 
consulting a map of Active Hydrometric Stations from the 
Department of Environment, dated December 1972, that 
indicated an extensive gauging station network within 
Southern Ontario. The location of a number of gauging 
stations within this network presented the strong 
possibility of providing the necessary monthly streamflow 
records from an 'urban' catchment and from a neighbouring 
rural one. These catchments were situated within and around 
a number of urban centres including Toronto, Hamilton, 
Burlington, London, and Kitchener-Waterloo. 
However, further consideration was necessary in terms of 
the length of streamflow records from these possible 
catchments. This was carried out by consulting the Surface 
Water Data Reference Index (1975), which indicated that many 
of the records that could possibly be utilised because of 
their favourable locations were of approximately ten years 
in length. Such records provided the best compromise between 
a suitable physical arrangement of an urban with a proximal 
rural catchment and the provision of streamflow data, and as 
such they were considered as feasible sources of data. 
In a hydrological study concerned with streamflow 
volumes corresponding meteorological data would also be 
required. Consequently, consideration was also given to the 
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availability of monthly meteorological data records. This 
was carried out by studying the network of meteorological 
stations and their records for Ontario, which was obtained 
from the Ministry of Natural Resources in Toronto [11]. The 
information provided by the Ministry included station 
locations, the length of their records and the types of 
meteorological observations that were taken at each station. 
The most appropriate meteorological observations for 
hydrological studies include precipitation, temperature, and 
evaporation records. Most of the meteorological stations 
maintained monthly precipitation and temperature records. In 
fact, the precipitation records normally included three 
different types; the monthly rainfall total in inches; the 
monthly snowfall accumulation in inches; and the total 
monthly precipitation; the latter being a combination of 
rainfall and snowfall that was measured in inches of 
equivalent rainfall. The network of meteorological stations 
proved to be of a greater density than the gauging station 
network and therefore provided adequate coverage around 
those gauging stations already deemed as possible sites 
within the stated physical arrangement. However, evaporation 
records were much less common but if the need arose they 
could conceivably be estimated by one of a number of 
different estimation techniques that calculated monthly 
evaporation. Thus, it appears that within Southern Ontario 
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there were monthly streamflow and meteorological records 
(monthly p rec ip i t a t ion and temperature data) of a suff ic ient 
length, s i tuated within or proximal to urban areas and, 
could therefore be u t i l i s ed for a case study of t h i s type. 
3.3 The Selection of Study Catchments. 
The actual choice of catchments was mainly r e s t r i c t ed by 
the l imi ta t ions imposed by the physical arrangement and also 
by the qual i ty of data that could be gathered from within 
such an arrangement. Matching the a v a i l a b i l i t y of su i tab le 
streamflow records, adequate meteorological data , and 
possible f a c i l i t i e s to measure urbanisat ion, resul ted in the 
choice of the Metropolitan Region of Toronto as being the 
most promising location to f ina l i se the select ion of 
sui table catchments. 
Using 1:25000 scale topographical maps for the Toronto 
region the act ively recording gauging s ta t ions were located 
and their catchments were del imited. Suitable urban 
catchments were found to be r e s t r i c t ed to the Highland Creek 
and the L i t t l e Don River bas ins . These are located on Figure 
3.1 with a su i table neighbouring rural basin, Cold Creek. 
Each of these catchments provided approximately 10 years of 
monthly streamflow records from 1964-1974, a select ion of 
meteorological s t a t ions which are also shown on Figure 3 -1 , 
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and finally both aerial photographic and topographical map 
coverage. 
TABLE 3.1 
SOME DETAILS OF THE CATCHMENTS USED IN THE STUDY. 
Details 
Gauge Location N 
W 
Drainage Area 
Meteorological 
Stations Used 
(Id. No.) 
Catchment 
Status 
CATCHMENTS 
Highland Creek L i t t l e Don Cold Creek 
02HC013 
43 4 6 ' 4 5 " 
79 1 0 ' 2 6 " 
34 s q . m l . 
E l l e s m e r e 
(6158520) 
URBAN 
02HC029 02HC023 
43 4 5 ' 2 7 " 43 5 3 ' 2 5 " 
79 2 0 ' 4 2 " 79 4 3 ' 12" 
50 s q . m l . 
Richmond 
H i l l OWRC 
(6157014) 
URBAN 
24 s q . m l 
Cold Creek 
(6151750) 
RURAL 
Table 3.1 presents some of the d e t a i l s of these catchments. 
I t should be noted that the flow at a l l three s t a t ions i s 
described as "na tu ra l " , Surface Water Reference Index, 1975 
[12]. These catchments allowed the study to extend i t s 
"paired watershed" arrangement to include a twofold 
comparison using two di f ferent catchments with "changed 
land-use" condit ions. This could increase the p o s s i b i l i t i e s 
of detecting any hydrologic change or difference since the 
extent of the changed land-use would be increased. 
A preliminary study of the extent of urbanisat ion, 
afforded by the 1:25000 Topographical map s e r i e s , indicated 
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that the amount of urban bui l t -up area in each urban 
catchment increased considerably during the 10 years of 
streamflow records, from 1964-1974. Thus, each urban 
catchment i l l u s t r a t e d t r ans i t i ona l changes in land-use. The 
poss ib i l i t y now arose of detecting hydrologic change or 
differences between the pairs of catchments and also the 
further pos s ib i l i t y of attempting to r e l a t e , in some way, 
the extent of tha t hydrologic change to the changing extent 
of urbanisat ion. I t was thought that i f a difference or 
change could be i l l u s t r a t e d , and that the nature of tha t 
difference could be determined, there existed the 
poss ib i l i t y of i so la t ing and determining, to some extent , 
the influence urbanisation exerted on the streamflow from 
these catchments. 
3.4 The Method of Measuring Urbanisation. 
Having selected the catchments within which urbanisation 
may be shown to influence monthly runoff volumes, the 
measurement of tha t urbanisation may be considered. The 
Li te ra ture Review tends to suggest tha t the most commonly 
used urban parameter to describe urbanisation i s the area of 
imperviousness as a percentage of the t o t a l catchment area. 
This parameter i s one of the more eas i ly measured 
parameters; being measured by a l l the methods described in 
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Section 2.3. In addition, this study attempts to analyse 
streamflow measured at a monthly time interval. This centres 
the research on streamflow volumes rather than on the time 
distribution or hydrograph shape aspects of runoff. Section 
2.2 discussed the importance of impervious surfaces on the 
infiltration characteristcs of a catchment, which in turn 
influences the streamflow volumes from that catchment. 
Consequently, imperviousness would be a suitable parameter 
with which to describe urbanisation in a hydrological study 
concerning runoff volumes. 
The aerial photographic coverage over Toronto, at a 
scale of 1:4800, provided the facility to employ the 
conventional techniques of measurement. Because two of the 
catchments in the study, totalling 74 sq.mls., required a 
determination of the urbanisation within them, it was 
estimated that a minimum of 26 individual photographs would 
have to be analysed for each time a photographic sweep was 
performed over Toronto Metropolitan area between 1964 and 
1974; the period covering the streamflow records of the 
catchments. This estimate assumed that each photograph, 
measuring 22 * 22 inches, covered about 2.78 sq.mls. and 
that the photographic coverage coincided exactly with the 
catchment boundaries. Evidently the actual number of 
photographs to be analysed in each sweep would be expected 
to be greater than this minimum estimate. 
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The time requi red to analyse the app rop r i a t e photographs 
using the p lan imeter ing method was considered to be too 
g rea t and i t was decided to perform a sampling survey to 
e s t a b l i s h the amount of imperviousness within each 
catchment . In using the sampling technique a compromise 
between the amount of t ime spent ga the r ing the information 
and the accuracy and d e t a i l of the sampling a n a l y s i s was 
a t t a i n e d and t h i s r e s u l t e d in the following sampling 
procedure . 
The photographs were sampled i n d i v i d u a l l y using a 121 
p o i n t , eleven by e leven , square g r i d . Thus each poin t 
represen ted an ac tua l area of 4 s q . i n s . and an area over the 
ground of 0.023 s q . m l s . , (640,000 s q . f t . ) . This sampling 
r e s u l t e d in a t h e o r e t i c a l sample of 2,176 p o i n t s for the 50 
sq .ml . L i t t l e Don catchment and a 1,480 po in t sample for the 
34 sq .ml . Highland Creek catchment . The adjacent 
photographs , however, overlapped between 30% and 35% of 
t h e i r a r e a . To compensate for t h i s , the outermost sample 
po in t s on the r i g h t hand s ide and on the bottom of each 
photograph were recorded . Then the same s i t e s were loca ted 
on the photograph adjacent and to the r i g h t of the o r i g i n a l 
and were used as p r i n c i p a l po in t s to r e p o s i t i o n the gr id and 
to cont inue the sampling. These p r i n c i p a l po in t s had a l ready 
been sampled on the previous photograph and so were omitted 
from the sampling on the p resen t photograph. This helped to 
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prevent the sampling of the same area twice, when 
considering the overlapping portions of adjacent 
photographs. In this manner the grid was transferred to each 
photograph in turn to complete a sampling procedure for the 
whole catchment. To record the sampling an identification 
number, the total number of points sampled, the number of 
points located on impervious surfaces, and the number of 
points on all other surfaces was gathered for each 
photograph. Unfortunately, the Robarts Library, University 
of Toronto, where the sampling was performed, did not have a 
complete set of annual aerial photographic sweeps for the 
Toronto region and furthermore some of the years lacked 
complete coverage in that, the northern portion of the 
Little Don catchment had been omitted. This resulted in only 
1964, 1967, 1969 and 1972 yearly coverage being used in the 
sampling. 
To give an approximate indicator of the rate of growth 
of imperviousness within each catchment, throughout the 
study period, a least squares evaluation was also performed 
on the results from the four samplings from each catchment. 
The Methodology 102 
3.5 The Description of the Catchments. 
After considering the measurement of urbanisation, the 
major distinguishing factor, it appears appropriate to 
present a brief description of those characteristics which 
are considered as similar under the assumption of the 
physical arrangement pertaining to this study. This 
description outlines the physiography and soil 
characteristics of each catchment as they normally play an 
important general role in determining streamflow, although 
it is appreciated many other factors also influence 
catchment runoff. This may help to establish the assumed 
similarities between the catchments and also help in the 
interpretation of the differences in streamflow by isolating 
urbanisation as the sole major difference between the 
catchments. On the other hand, it may emphasise the fact 
that urbanisation is not the only difference between the 
catchments and therefore not the only factor causing a 
difference in streamflows; even though it may be the most 
important one. 
Over the entire Toronto area the bedrock is covered by a 
thick mantle of recent drift deposits that are associated 
with the Pleistocene Ice Age. 
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These overlying deposits have been classified throughout 
Southern Ontario by Chapman & Putnam (1973) on a 
physiographic basis. Figure 3.2 shows their physiographic 
classification for the area around Toronto. The relief 
around Toronto can be discussed in terms of four regions, 
identified by Chapman & Putnam; the Iroquois lake plain, the 
Peel plain, the South Slope and Oak Ridges. 
The first region, the Iroquois lake plain, occupies the 
lowest levels being under 400 feet, and has a northern limit 
that is marked by an old shoreline, shorecliffs, and bluffs, 
which have been cut in the Pleistocene overburden. The plain 
itself, cut in previously deposited clay and till, is partly 
floored with sand. 
"It is about three miles in width, sloping gently 
northward... Along its northern border are evidences 
of the old beach and a steep bluff or shorecliff 
which, in places is about 75 feet high. Beyond this 
the gently rounded hills of the till plain stand 
out at about 600 feet or more than 350 feet above 
the level of Lake Ontario," (Chapman & Putnam, 
1973, p.328). 
This old shoreline has been dissected by the Don and Humber 
rivers (Cold Creek) as well as Highland Creek. When the 
Iroquois stage of the Wisconsin glaciation ended and glacial 
retreat occurred the rivers resumed their downcutting to 
create incised valleys in the till plain. 
The second region, the Peel plain is described as, 
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"a level- to-undulat ing t r a c t of clay s o i l s covering 
300 square miles across the centra l portions of York, 
Peel, and Halton count ies . The general elevation is 
from 500 to 750 feet above sea l eve l , " 
(Chapman & Putnam, 1973, p.292). 
This plain can be approximately associated with Region 8, 
the bevelled t i l l plains in Figure 3.2. 
Separating the Peel plain from the Iroquois lake plain 
in th i s area i s the Trafalgar moraine and adjacent t i l l 
p la in; part of the South Slope region. This region also 
encircles the Peel plain to the north, separating i t from 
the Oak Ridges region, an in ter lobate moraine s i tua ted , in 
par t , in the north of t h i s area . The South Slope region 
approximates the area associated with Region 6, the t i l l 
p la ins , shown on Figure 3.2. In the north, west of Maple, 
the surface i s morainic; most of i t being a ground moraine 
of limited r e l i e f . To the east of Maple the Slope is 
smoothed, fa in t ly drumlinised, and scored at in te rva l s by 
the r iver va l l eys . South of the Peel p la in , in Scarborough 
township, there i s a gently ro l l ing t i l l plain exhibit ing 
bold f lu t ings , while westwards in Toronto and beyond th i s 
type of surface fades out in favour of ground moraine with 
i t s i r regular knolls and hollows. 
The L i t t l e Don catchment spans the Peel plain with i t s 
northern and southern extremit ies within the encircl ing 
South Slope. The Highland Creek catchment i s mostly 
contained within the southern portion of the South Slope 
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where i t i s described as a ro l l ing t i l l p la in . However, the 
south-eastern corner of the catchment has cut down through 
the old shoreline onto the Iroquois lake p la in . The rural 
Cold Creek catchment, on the other hand, i s s i tuated par t ly 
within the northern section of the South Slope region and 
also includes, along i t s northern margins part of the Oak 
Ridges moraine. 
The major difference between the catchments in regard to 
their physiography i s within the Highland Creek catchment 
which includes part of the Iroquois lake plain and the old 
shoreline separating the lake plain from the t i l l plain 
above. This proximity to the old shorel ine , which i s up to 
75 feet in places, would suggest a more rapid downcutting or 
incision by the Highland Creek compared to that experienced 
in the L i t t l e Don and the Cold Creek catchments, which are 
further away from the shorel ine . One could ant ic ipa te that 
as a r e su l t the slope of the Highland Creek i s greater than 
the L i t t l e Don River and would therefore remove runoff more 
rapid ly . The Li tera ture Review indicates that channels 
slopes are pa r t i cu la r ly important in determining the time 
d i s t r ibu t ion component of streamflow; especia l ly for 
individual storm events. However, the volume of runoff, 
(being considered here in) , i s not grea t ly influenced by 
channel slope which determines the speed and timing of that 
runoff. The majority of the remaining physiography can be 
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tentatively considered as hydrologically similar, being 
mainly comprised of till plains and till moraines of 
relatively gentle slopes. 
Hoffman & Richards (1953) performed a soil survey in 
Peel County from which most of Cold Creek soil series could 
be determined. By 1955 the remainder of Cold Creek and the 
other two catchments were surveyed within the York County 
survey, (Hoffman & Richards, 1955). These surveys showed 
that the soils within all the catchments are contained 
wholly within the Grey Brown Podsolic and the Dark Grey 
Gleisolic soil classes. The predominant soil class in all 
three catchments is the Grey Brown Podsolic, but the soil 
types vary from clays to sandy loams, (see Figure 3«3). The 
glacial drifts, which in the Cold Creek catchment are mainly 
kame and till moraines, as well as till plain deposits with 
a characteristic morainic appearance, have resulted in loamy 
soils varying from the widespread King Series, described as 
a clay loam, to a sandy loam of the Pontypool Series, which 
is concentrated within the western extremity of the 
catchment. 
In the Little Don catchment there is a greater variety 
of soil types that in the main appear to exhibit a greater 
proportion of clay particles, as a soil constituent. 
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FIGURE 3-3 
THE SOIL TYPES WITHIN THE THREE CATCHMENTS, 
SURVEYED IN 1953 AND 1955, 
(derived from Hoffman & Richards). 
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A l a r g e c e n t r a l por t ion of the catchment i s covered by 
c l a y s ; the Peel S e r i e s and the Cashel S e r i e s being examples. 
The c lay content i s a l so maintained in the form of c lay 
loams. For example the Chinguacousey S e r i e s and the Oneida 
S e r i e s a re s i t u a t e d mainly on the western s ide and towards 
the upper pa r t of the catchment . The dominance of c lay-based 
s o i l s can be explained by the t i l l of boulder c lay of the 
Peel p l a i n , which i s descr ibed a s , 
"heavy in t e x t u r e and more ca lce reous than the under lying 
shaley t i l l , having presumably, been brought by meltwater 
from the l imes tone reg ions to the eas t and n o r t h , and 
deposi ted in a temporary l a k e , " 
(Chapman & Putnam, 1973, p . 2 9 2 ) . 
In the Highland Creek catchment loams a re by far the 
predominant s o i l type ; the most common s e r i e s being the 
Mil l iken S e r i e s , followed by the Wolburn S e r i e s . These loams 
cover the whole of the nor thern por t ion and most of the 
ea s t e rn s ide of the catchment . In the southern por t ion of 
the catchment the loams a re replaced by sandy loams, again 
of the Woburn S e r i e s and also of the Fox S e r i e s , where the 
inf luence of the I roquois lake p la in becomes appa ren t . 
The s o i l s of a l l the catchments are mainly comprised of 
the Grey Brown Podsol ic s o i l c l a s s . The s o i l s inc lude c l a y s , 
loams, c lay loams, and sandy loams. However, the major 
d i f f e r ence in the s o i l s , which play a s i g n i f i c a n t r o l e in 
the r a t e a t which p r e c i p i t a t i o n w i l l be converted to a form 
of runoff, i s found in the L i t t l e Don catchment . Here, t h e r e 
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is a dominance of clay soils, probably where part of the 
Peel plain is enclosed by the catchment. The clay soils 
would tend to inhibit the absorption of water compared with 
the loams, particularly the sandy loams, thereby increasing 
the proportion of precipitation that is rapidly removed from 
the catchment. The relative resistance to absorption by 
these clays would also tend to increase the volume of water 
that is rapidly removed from the catchment. However, the 
differences between the clays and the loams, in terms of 
their hydrological properties, can be considered to be 
relatively insignificant when streamflow is considered in 
the aggregated unit of mean monthly discharge. 
In conclusion, it must be stressed that this is only a 
brief examination of these catchment characteristics and as 
such does not attempt to explain the hydrological 
implications of all the differences indicated. However, it 
provides a perspective in which to view the effect of 
urbanisation on streamflow in that the general catchment 
characteristics of physiography and soils are very similar 
and those differences considered have a very limited 
potential in effecting the monthly streamflow. 
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3.6 The Procedure for a Preliminary 
S t a t i s t i c a l Analysis. 
The types of analyses and the procedures employed to 
attempt to i l l u s t r a t e differences in the streamflow from the 
urban and rural catchments are now considered. For each 
ana lys i s , an introduction discussing the use of each step as 
a progressive development i s ou t l ined . A br ie f review of the 
concept of each analysis follows, and f ina l ly the actual 
procedure used to analyse the data i s presented. 
By creat ing the s i tua t ion of a rural versus urban 
environment i t i s appropriate to begin the analysis with a 
s t a t i s t i c a l comparison of the streamflow record from the 
changed land-use (urban) with that of the pre-exis t ing one 
( r u r a l ) , in order to es tabl i sh whether or not there i s a 
s igni f icant difference between the hydrological responses 
from the d i f ferent catchment condi t ions . Thus, the 
de l ibra t ion below selected the Wilcoxan Matched-Pairs 
Signed-Ranks Test for th i s comparison. The indicat ion that 
there i s a s igni f icant difference would cer ta in ly suggest a 
favourable climate in which to proceed with more detai led 
inves t iga t ions . 
Conversely, no s igni f icant difference between the 
streamflow records would promote the notion that the changed 
land-use (urbanisation) has not al tered the hydrological 
response of the catchment, to any detectable degree, from 
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tha t under rural land-use condi t ions . The study i s designed 
to exemplify the difference in the land-uses of the 
catchments, and one could ant ic ipa te that t h i s would induce 
a difference in the streamflow responses of the catchments. 
3.6.1 The Choice of S t a t i s t i c a l Test. 
Idea l ly , 
"A method chosen to detect hydrologic change should be 
sensitive to change in the factor under consideration 
(mean monthly streamflow) and insensitive to violations 
of conditions on which the method is based," 
(McCuen & James, 1972, p.965). 
However, there is at present an overwhelming domination of 
parametric statistical techniques in hydrology, which McCuen 
& James suggest are unsuitable, even inapplicable in urban 
hydrologic research. For example, 
"The transitional nature of urban land-use change can 
cause violations of the conditions on which parametric 
statistical methods are based," (p.965), and also, 
"The validity of conclusions based on a parametric test 
depends upon the degree to which the conditions of that 
test are violated," (McCuen & James, 1972, p.966). 
Thus nonparametric techniques, which are based on weaker 
conditions but can be used with limited amounts of data from 
population distributions of unknown characteristics, provide 
a convenient alternative to parametric methods. McCuen & 
James suggest a total of seven advantages that nonparametric 
tests have over the corresponding parametric tests, when 
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conditions of the l a t t e r are v io la ted . Those which are most 
relevant to t h i s analysis are cited below; 
1) The computational effort required by most 
nonparametric s t a t i s t i c a l t e s t s i s considerably l ess than 
for a corresponding parametric t e s t . 
2) Probabi l i ty statements obtained from most 
nonparametric t e s t s do not depend on the shape of the 
population d i s t r i b u t i o n . 
3) Sens i t iv i ty to s igni f icant differences remains high 
when data are non-normal. 
4) Significance p robab i l i t i e s are not much di f ferent 
when the data are non-normal. 
Obviously, the f i r s t advantage i s of great importance in a 
preliminary analysis of t h i s type in that a r e l a t i v e l y rapid 
procedure can determine whether the hydrological responses 
of the catchments differ to any detectable degree. 
Consequently, a nonparametric t e s t was used to t e s t 
whether there was any s ign i f ican t difference between each of 
the two 'urban' streamflow records when compared separately 
with the ' r u r a l ' streamflow record. The Wilcoxan 
Matched-Pairs Signed-Ranks Test was used for t h i s purpose, 
following closely the procedure adopted by Lazaro (1976). 
The monthly flows of each urban catchment were matched with 
the corresponding monthly flows of the rural catchment, 
creat ing pairs of da ta . The t e s t not only u t i l i s e s 
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information about the direction of the differences within 
pairs, but also the relative magnitude of the differences'. 
Thus, the test not only indicates a change in mean values 
but also change in the central tendency (median value) of 
the two samples, or streamflow records. 
3.6.2 The Procedure used to perform the Analysis. 
In order to determine whether there is any difference 
between the two sets of data it is normal procedure to 
establish a Null Hypothesis (HO). Hammond & McCullagh (1974) 
state that, 
"A null hypothesis i s a negative type of proposi t ion, 
formulated for the purpose of applying a s t a t i s t i c a l 
t e s t to a problem under inves t iga t ion , and generally 
in ant ic ipat ion of being rejected as f a l s e , " (p . 135). 
In th i s s i tua t ion the null hypothesis (HO) is defined as: 
there i s no s igni f icant difference between the mean 
monthly streamflow of the urban and rural catchments. 
Thus the a l t e rna t ive hypothesis (H1) is defined as: 
there jjs a s igni f icant difference between the mean 
monthly streamflow of the urban and rural catchments. 
Because the d i rec t ion of the difference i s not specif ied, 
the t e s t i s , therefore , two- ta i led . 
In the f i r s t ana lys i s , the L i t t l e Don streamflow record 
(urban) was tested against the Cold Creek record ( rura l ) for 
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the period from Oct. 1964 to Dec. 1974. The corresponding 
mean monthly values were paired off and the difference (di) 
between each pair was calculated. Thus the value (di) 
corresponded with the ith. pair of monthly values, see 
Appendix 2. Next the (d) values were ranked in ascending 
order without regard to their sign. Thus the rank of 1 was 
assigned to the smallest (d), the rank of 2 to the next 
smallest; so a (d) of -1 was given a lower rank than a (di) 
of either +2 or -2, (Siegel, 1956, p.76). A computer 
programme was devised to carry out the ranking procedure. It 
produced a listing of the rank number and its (d) value side 
by side. The sign of the difference was then affixed to each 
rank, so that ranks arising from negative (di)'s and those 
arising from positive (di)'s were indicated, see the 
assigned rankings in Appendix 2, which shows the 
calculations for the test. 
If the streamflow records were equivalent, that is, if 
(HO) is true, one should expect to find some of the larger 
ranks would come from positive (d) values, while others 
would come from negative (d) values. Thus, if all the ranks 
having a plus sign were summed together and all the ranks 
with a minus sign were also summed, one would expect the two 
summations to be about equal under (HO). However, if the sum 
of the positive ranks is very different from the sum of the 
negative ranks, one could infer that the streamflow records 
differ and (HO) would be rejected. 
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If the values of a s i n g l e pa i r were equal the r e s u l t a n t 
(d) value would be ze ro . Such p a i r s were dropped from the 
a n a l y s i s . If t h e r e were two or more (d) scores t h a t were of 
the same value then the rank assigned to each (d) was the 
average rank for a l l those (d) v a l u e s . 
Then ranks with s im i l a r s igns were summed and (T) was 
determined, such t h a t , 
T = Y R 1 (Eq. 3-D 
where, R1 = the smaller t o t a l of the two summations. 
For l a r g e samples, where N (see Eq. 3.2 for d e f i n i t i o n ) i s 
g r e a t e r than 25, S iegel (1956) suggested the c a l c u l a t i o n of 
a Z score using Eq. 3 .2: 
Z = T - (N (N + 1) ) / 4 (Eq. 3-2) 
(N (N + 1 )(2N + 1) / 24) 
where, T = the value from Eq. 3.1 
N = the number of p a i r s whose 
d i f f e r e n c e s i nd i ca t ed a s i g n . 
The Z score i s then applied to a t a b l e of p r o b a b i l i t i e s (see 
Table 4 .3) to determine whether the c a l c u l a t e d p r o b a b i l i t y 
i s wi thin
 ;the r e j e c t i o n region se t by the c r i t i c a l or the 
r e j e c t i o n l e v e l a l ready de termined. From t h i s (HO) can be 
e i t h e r r e j ec t ed or upheld. 
The t a b l e a c t u a l l y g ives o n e - t a i l e d p r o b a b i l i t i e s of Z 
under (HO). The l e f t hand marginal column g ives va r ious 
va lues of Z to one decimal p l a c e . The top row g ives va lues 
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to the second decimal place. The one-tai led probabi l i ty of Z 
can be determined by applying the calculated Z score to the 
t a b l e . The two-tailed probabi l i ty value i s then calculated 
by multiplying the one-tai led probabi l i ty by a factor of 
two . 
3.7 The Procedure for the Time Series 
and Trend Analysis. 
Following the application of the Wilcoxan Test which 
tested for a s t a t i s t i c a l l y s ign i f ican t difference between 
the streamflow records of the two urban catchments and the 
rura l one, the next step attempts to determine the nature of 
an established difference. An examination of the monthly 
time ser ies from the catchments could indicate periods where 
differences occur or where the differences are g r e a t e s t . A 
trend analysis could indicate inherent trends in the monthly 
time s e r i e s , differences in the trends expressing 
differences in the propert ies of the time s e r i e s . 
3.7.1 Time Series and Trend Analysis. 
A time se r ies can be recognised as having one or more of 
the following components: 
1) the overal l or long term trend; sometimes referred to 
as the secular trend; 
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2) periodic fluctuations of a rhythmic nature; usually 
associated with daily, seasonal, or other cyclic variations; 
3) irregular or random variations; (Hammond & McCullagh, 
1974, p.79). 
Many statisticians, however, often refer to the data 
sequence as being 'noisy'. This implies that the 
observations consist of two parts; an underlying signal or 
meaningful pattern of variation, and a superimposed noise or 
random variation. Davis (1973) describes signals as being 
'long-term', and that they tend to be the same from point to 
nearby point whereas the noise has no such tendency, being 
'short-term' and fluctuating rapidly. A number of different 
schemes for determining the estimate of the signal value 
itself have been proposed; most are least-squares or 
weighted averages. All these schemes reduce the noise and in 
doing so produce a more gentle curve than the original data 
sequence. In using this technique it was hoped that the 
'long-term' trend of the streamflow records could be 
illustrated, and thus indicate whether the individual 
records showed a decreasing or increasing trend and whether 
or not the trends differed between the catchments. This 
procedure is often called data smoothing or filtering as 
well as trend analysis. 
The most common type of data smoothing is a simple 
moving average. The smoothed value (Y) is calculated by the 
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expression in Equation 3.3, which defines the interval 
centred around the point to be estimated. 
(Y)i = ) (Y)j (Eq. 3.3) 
^ j = i - k 
m 
where, (Y)i = the smoothed value to be 
(Y)j = a value in the o r i g i n a l data 
sequence, 
m = length of the smoothing i n t e r v a l 
or the number of po in t s over which 
the average i s to be made, 
k = m - 1 (Eq. 3.4) 
2 
It should be noted that (m) must be an odd number for the 
estimated value of (Y)i to correspond with the central point 
within the smoothing interval. It soon becomes apparent that 
the longer the smoothing interval (m) the greater the 
reduction in the variance or noise of the original data 
sequence. The smoothing analysis will also shift the peaks 
and troughs of the original sequence so that in effect a 
moving average sequence will "lead" an upward run in the 
original data; that is, the smoothed curve will rise at a 
greater rate than the original data themselves. Likewise, a 
smoothed curve will "trail" a downward run. 
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3.7.2 Procedure devised to apply the Trend Analysis. 
In order to analyse the time series and to produce trend 
sequences of the streamflow records for the three catchments 
a computer programme, called SMOOTH, was extracted from 
Davis (1973). This was then debugged and slightly modified 
to run on a Xerox Sigma 7 computer; a listing of the 
programme is presented in Appendix 3. All the facilities of 
the original programme were maintained. This included not 
only the calculation of a specified smoothed sequence but 
also its graphical print-out from the line printer, using a 
subroutine called TSPLOT. The calculations of the variance 
of the original sequence and the smoothed sequence were also 
retained along with the percentage of the sums of squares 
accounted for by the smoothing process. This percentage 
describes approximately the actual effectiveness of the 
smoothing process. This programme was run repeatedly to 
obtain selected smoothed sequences of the catchment records. 
An example of the raw output produced by SMOOTH for the Cold 
Creek streamflow record and its 49 term smoothed sequence is 
illustrated in Appendix 4. 
The values of the smoothing interval (m) were chosen to 
attempt to remove the seasonality that inherently occurs in 
a monthly time series and to illustrate any real underlying 
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trends in the data records without causing added 
complications in the interpretation of the smoothed 
sequences. To attempt to achieve this selective smoothing 
the 11 and 13 term smoothing intervals were used followed by 
the 47 and 49 term intervals. As the size of the smoothing 
term increased, naturally the length of the smoothed 
sequence became smaller. The 49 term smoothing produced a 
sequence which provided a sufficient number of data points 
that could be usefully related to the original series and 
was large enough to illustrate successfully any "long-term" 
trend in the streamflow records, while the 13 term smoothing 
approximated a 12 month interval or an annual smoothing 
interval in an attempt to remove the seasonality in the 
monthly data. 
A graph was plotted showing the time series for each 
catchment and two superimposed smoothed sequences. The 
smoothed sequences from all the catchments were also plotted 
on the same set of axes so that they could be compared 
directly. 
3.8 The Procedure for Flow Duration Analysis. 
Using the previous analysis to establish the differences 
in the streamflow records in a time oriented perspective, 
flow duration analysis can be performed to attempt to 
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illustrate differences from the perspective of the discharge 
values themselves. This analysis examines the probability of 
certain discharges throughout the study period and is 
generally applied to hydrological studies concerned with 
water storage and reservoir problems, and as such may prove 
to be useful in examining runoff volumes. 
3.8.1 Flow Duration Analysis. 
The flow duration curve is a cumulative frequency curve 
that shows the percentage of time during which specified 
discharges were equalled or exceeded in a given period. It 
is another means of representing streamflow data, combining 
in one curve the flow characteristics of a stream throughout 
the range of discharge. It can also be used for comparing 
one basin with another, (Searcy, 1959). 
Thus, the flow duration curves for the two urban 
catchments could indicate flow characteristics that are 
distinctly different from those expressed in the rural 
catchment. By plotting the flow duration curves for all the 
catchments on the same axes their differences can be 
evaluated by a direct comparison. Certain hydrologic 
characteristics of the catchments may be emphasised by 
plotting the flow duration curves on arithmetic, logarthmic, 
or probability scales. 
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3 .8 .2 Procedure Adopted for the Ana lys i s . 
In t h i s study the flow du ra t ion curve for each catchment 
was c a l c u l a t e d by ranking the magnitude of the monthly flows 
throughout the study period and p l o t t i n g the ranked va lues 
aga ins t a time s c a l e on which the minimum flow i s said to 
occur 100% of the time and the maximum flow to occur 
i n s t an t aneous ly or for l e s s than 1% of the t ime . The ac tua l 
c a l c u l a t i o n s were computed using a computer programme ca l l ed 
FLOWDUR (see Appendix 5 ) , which ranked the data in ascending 
order and p lo t t ed a graph on the l i n e p r i n t e r using the 
s u b r o u t i n e , TSPLOT, (see Appendix 6 for a t y p i c a l raw 
o u t p u t ) . 
All t h r e e flow du ra t ion curves were then p lo t t ed on a 
s i ng l e s e t of axes so t h a t they could be compared d i r e c t l y . 
I n i t i a l l y , a r i t h m e t i c s c a l e s were used on both the x -ax i s 
and the y - ax i s because the a n a l y s i s only requ i red a 
comparison between the flow du ra t i on c u r v e s . However, Searcy 
(1959, p .11) suggested other s c a l e s can be used for s p e c i f i c 
purposes . For example, a logar thmic s c a l e for d i scha rge 
values convenien t ly accommodates the range of va lues 
e s p e c i a l l y when they cover t h r ee or four logar thmic c y c l e s . 
For the same range of va lues an a r i t h m e t i c s c a l e would be 
undes i rab ly small for a l l but the h ighes t v a l u e s . A 
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probability scale expands both ends of the flow duration 
curve so that normally distributed data plots as a straight 
line. As the logs, of discharge are more normally 
distributed than the discharge values themselves, the 
logarthmic - probability scales tend to straighten out the 
flow duration curve and facilitates the expression of the 
curve as a mathematical equation. 
The data from the flow duration analysis was also 
plotted on logarthmic - probability scales in order to 
facilitate the division of discharges into 'high', 'medium', 
and 'low' categories of flow. This division was made by 
fitting least squares regression lines through appropriate 
parts of the flow duration curves and using the positions 
of these lines to determine the boundary values. 
The occurrence of monthly discharges within these 
categories could then be examined for the whole year. Thus, 
for each month of the year the number of 'high', 'medium1, 
and 'low' flows could be tabulated for each catchment. 
Certain months were then grouped together as "summer", 
"winter", and "snowmelt" periods and plotted as bargraphs. A 
comparison between the occurrence of flow categories within 
each catchment for those specified periods could be made. 
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3.9 Summary of the Methodology. 
This case study attempts to i l l u s t r a t e the effect of 
urbanisation on streamflow using three instrumented 
catchments s i tuated within the Metropolitan Region of 
Toronto to ascertain the difference between the streamflow 
from two urban catchments from that of a nearby rura l 
catchment. The physical arrangement of the study i s 
described as a twofold comparison between two urban 
catchments and a nearby rural one using the assumption that 
the catchments are similar except for the a l t e r a t ion of 
land-use from rural to urban. Data averaged over a monthly 
time period was employed to construct these comparisons. 
Then the procedures adopted to carry out the analyses of 
t h i s data are out l ined . The f i r s t ana lys i s , using the 
Wilcoxan Matched-Pairs Signed-Ranks Test to examine whether 
there i s any difference between the urban and rural records 
i s followed by a time se r ies and trend ana lys i s . This i s 
followed in turn by a flow duration ana lys i s . Both these 
l a t t e r analyses attempt to examine the nature of the 
differences in streamflow already indicated by the 
s t a t i s t i c a l t e s t , which attempts to a t t r i b u t e those 
differences to urbanisat ion. The method employed to measure 
the amount of urbanisation with the urban catchments along 
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With a br ief descr ipt ion of the physiography and soi l 
cha rac t e r i s t i c s of a l l the catchments i s also presented. 
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4 . THE RESULTS FROM THE ANALYSIS. 
The r e s u l t s o f e a c h a n a l y s i s a r e p r e s e n t e d and d i s c u s s e d 
in s e q u e n c e , b e g i n n i n g w i t h t h e measurement of u r b a n i s a t i o n 
and p r o c e e d i n g t h r o u g h t h e Wilcoxan T e s t , t h e t i m e s e r i e s 
and t r e n d a n a l y s i s , and f i n a l l y t h e flow d u r a t i o n a n a l y s i s . 
The measurement o f u r b a n i s a t i o n i n d i c a t e s t h e e x t e n t t o 
which t h e urban c a t c h m e n t s have been a l t e r e d from t h e r u r a l 
or p r e - u r b a n c o n d i t i o n . Then t h e Wilcoxan T e s t e s t a b l i s h e s 
t h a t t h e r e i s a d i f f e r e n c e be tween t h e month ly s t r e a m f l o w of 
t h e urban and r u r a l c a t c h m e n t s , t h a t d i f f e r e n c e b e i n g 
a t t r i b u t e d t o u r b a n i s a t i o n . The s u b s e q u e n t a n a l y s e s a t t e m p t 
t o i s o l a t e t h e d i f f e r e n c e s in t h e s t r e a m f l o w r e l a t i n g t h o s e 
d i f f e r e n c e s t o t h e p r e s e n c e of u r b a n i s a t i o n . The t i m e s e r i e s 
a n a l y s i s c o n s i d e r s t h e s t r e a m f l o w a s in o c c u r r e d t h r o u g h o u t 
t h e s t u d y p e r i o d , a r e a l t i m e p e r s p e c t i v e , whe reas t h e flow 
d u r a t i o n a n a l y s i s c o n c e n t r a t e s upon t h e d i s c h a r g e v a l u e s , 
u s i n g p r o b a b i l i t y o f o c c u r r e n c e a s a r e l a t i v e t ime b a s e . 
4 .1 The Measurement o f U r b a n i s a t i o n . 
The sampl ing p r o c e d u r e , o u t l i n e d in S e c t i o n 3 - 4 , 
r e c o r d e d t h e t o t a l number of p o i n t s s ampled , t h e number over 
i m p e r v i o u s s u r f a c e s and t h e number over o t h e r l a n d - u s e s , f o r 
each p h o t o g r a p h c o v e r i n g t h e c a t c h m e n t s . 
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TABLE 4 .1 
THE RECORDINGS OF IMPERVIOUS SURFACES WITHIN THE 
HIGHLAND CREEK CATCHMENT FOR 1964. 
AERIAL 
PHOTOGRAPH 
NUMBER 
146 
147 
148 
149 
171 
172 
173 
174 
175 
176 
200 
201 
202 
203 
204 
205 
231 
232 
233 
234 
235 
257 
258 
259 
260 
TOTALS: 
TOTAL NOS. 
OF POINTS 
SAMPLED 
80 
89 
91 
45 
31 
62 
74 
68 
64 
9 
19 
71 
71 
75 
78 
25 
49 
74 
75 
77 
26 
26 
74 
80 
39 
1482 
POINTS OVER 
IMPERVIOUS 
SURFACES 
49 
41 
22 
10 
11 
21 
11 
17 
7 
3 
9 
16 
14 
13 
0 
0 
3 
11 
0 
9 
6 
0 
3 
0 
7 
283 
POINTS OVER 
OTHER 
LAND-USES 
31 
48 
69 
35 
20 
41 
63 
51 
57 
6 
10 
55 
57 
62 
78 
25 
46 
63 
75 
68 
20 
26 
71 
80 
32 
1199 
P e r c e n t a g e Area cove red = 283 x 100 
by Imperv ious S u r f a c e s 1,482 
= 1 9 . 1 % 
Sampl ing E r r o r = 2 x 100 
1 ,482 
= + 0 . 1 4 % 
The Analysis 1 
TABLE 4 . 2 
THE RESULTS OF SAMPLING THE CATCHMENTS TO DETERMINE 
THE PERCENTAGE OF IMPERVIOUSNESS IN THE YEARS 
1964, 1967, 1969, AND 1972. 
THE LITTLE DON CATCHMENT 
1964 1967 1969 1972 
T o t a l Nos. o f 2204 2125 2169 2186 
P o i n t s Sampled 
P o i n t s over 248 310 353 501 
I m p e r v i o u s S u r f a c e s 
P e r c e n t a g e E r r o r + 1 . 2 8 - 2 . 3 5 - 0 . 2 3 +0.46 
of Sample 
P e r c e n t a g e of 11 .4 14 .6 1 6 . 3 2 2 . 9 
I m p e r v i o u s n e s s 
THE HIGHLAND CREEK CATCHMENT 
1964 1967 1969 1972 
T o t a l Nos. of 1482 1452 1501 1477 
P o i n t s over 
P o i n t s over 283 315 385 427 
I m p e r v i o u s S u r f a c e s 
P e r c e n t a g e E r r o r +0 .14 - 1 . 9 0 +1 .42 - 0 . 2 1 
of Sample 
P e r c e n t a g e of 19.1 2 1 . 7 2 5 . 6 5 2 8 . 9 
I m p e r v i o u s n e s s 
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An example of these r ecord ings i s presented in Table 4 . 1 , 
which i l l u s t r a t e s the r e s u l t s of sampling the Highland Creek 
in 1964., and i n d i c a t e s t h a t 19.1% of the catchment was 
covered by impervious s u r f a c e s . 
Similar r eco rd ings were taken for the remaining years 
and for the L i t t l e Don catchment . The r e s u l t s of those 
samplings are presented in Table 4 . 2 . Only these two 
catchments were sampled because an examination of the r u r a l 
Cold Creek catchment ind ica ted t h a t t h e r e were no 
conglomerat ions of impervious s u r f a c e s ; for example, a 
v i l l a g e with a c o l l e c t i o n of s t r e e t s and b u i l d i n g s . 
Consequently, a sampling procedure need not be performed as 
no u r b a n i s a t i o n whatsoever was p r e s e n t . As ind ica t ed in 
Table 4 . 2 , the sampling e r ro r var ied from -2.35% to +1.28% 
in the L i t t l e Don catchment and from -1.90% to +1.42% in the 
Highland Creek catchment . This e r r o r i s wi thin an accep tab le 
margin of e r r o r , p a r t i c u l a r l y as the measurement of 
u rban i s a t i on was only used to g ive an i n d i c a t i o n of the 
ex t en t of t h a t changed s t a t e within each catchment . 
The r e s u l t s from both catchments i n d i c a t e an inc reas ing 
trend of imperviousness throughout the study p e r i o d . This i s 
i l l u s t r a t e d on Figure 4 . 1 , which p l o t s the r e s u l t s of Table 
4 .2 along an x -ax i s r e p r e s e n t i n g the l eng th of the study 
p e r i o d . The ac tua l percentages were p lo t t ed in June, the 
month in which the a e r i a l photograph sweeps were t aken . 
The Analysis 131 
30-
THE GROWTH OF IMPERVIOUS SURFACES IN THE TWC URBAN CATCHMENTS 
25-
H1GHLAND CREEK CATCHMENT Y r 18.655 + 0.106X 
20-
K 
E 
o 
01 
15-
£ io-
5H 
LITTLE DON CATCHMENT Y = 10.571 + 0.117X 
T l 
I-H 
o 
c 
so 
m 
-i 
a -
o> 
> 
0) 
I-1 
«< 
09 
H-
Cfl 
rr 
196U D J 1965 1966 DJ 1967 
TT n n 
1968 DJ 1969 1970 
The Study Period from 1961 to W* 
T T -
DJ 1971 
TT n 
1972 DJ 1973 
T T 
197t D 
ro 
In order to e s t a b l i s h an i n d i c a t o r of the r a t e of growth 
of imperviousness wi thin each catchment , and a lso to express 
the pe rcen tages as a s t r a i g h t l i n e approximat ion, a l e a s t 
squares e v a l u a t i o n was performed. Although the assumptions 
of the l i n e a r r e g r e s s i o n technique are not r e a l l y 
a p p l i c a b l e , the l e a s t squares e v a l u a t i o n was only used to 
express the r a t e of growth g r a p h i c a l l y as a s t r a i g h t l i n e 
approximat ion . 
From Figure 4 . 1 , the s lope of the l i n e sugges ts t h a t the 
expansion of u r b a n i s a t i o n in the L i t t l e Don catchment 
proceeded at a f a s t e r pace than in the Highland Creek. The 
r a t i o between the L i t t l e Don and the Highland Creek 
pe rcen tages inc reased from 0.60 in 1964 to 0.79 in 1972, 
confirming the more rapid growth of imperviousness in the 
L i t t l e Don ca tchment . 
In conc lus ion the amount of imperviousness in the L i t t l e 
Don catchment increased throughout the study period from 
11.4% in 1964 to 22.9% in 1972, an inc rease of 11.5%. 
S i m i l a r l y , in the Highland Creek, the amount of 
imperviousness inc reased from 19.1% in 1964 to 28.9% in 
1972, an i nc rea se of 9.8%. So the major d i f f e r e n c e between 
these two catchments in the abso lu te amount of u rban i s a t i on 
within each ca tchment , a l though the g r e a t e r r a t e of growth 
depic ted in the L i t t l e Don catchment a l so i n d i c a t e s a more 
s u b t l e d i f f e r e n c e . 
The Analysis 133 
4.2 The Wilcoxan Test . 
F i r s t of a l l , differences between the streamflow records 
may occur because of the differences in the catchment s i ze s . 
Normally, a smaller catchment area will contribute a smaller 
discharge than that from a larger catchment. To remove th i s 
possible source of dif ference, and also making the discharge 
values d i r ec t ly comparable, the mean monthly t o t a l s were 
reduced to a unit area, such tha t the discharges used in a l l 
the subsequent analyses were measured in cubic feet per 
second per square mile [13] . 
In a l l these following s t a t i s t i c a l t e s t s the re ject ion 
level was predetermined at the 99% leve l , (<* = 0 .01) . From 
the Table of P robab i l i t i e s , see Table 4 . 3 , the c r i t i c a l 
re ject ion level corresponded to a Z score of 2.575. Thus, a 
Z score of >_ 2.575 or < -2.575 can be included in the 
re jec t ion region. This region consis ts of a l l Z scores which 
are so extreme that the probabi l i ty associated with the i r 
occurrence under (HO) is equal to or l e s s than the c r i t i c a l 
value or re ject ion l eve l , (<=< = 0 .01) . Table 4.3 also 
indicates the p robab i l i t i e s that are within the re jec t ion 
region when ( <*. = 0.05); a 95% significance l e v e l . 
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TABLE 4.3 
A TABLE OF PROBABILITIES 
ASSOCIATED WITH Z SCORES, 
(from Siegel, 1956). 
.00 
.5000 
.4602 
.4207 
.3821 
.3446 
.3085 
.2743 
.2120 
.2119 
.1841 
.1587 
.1357 
.1151 
.09C8 
.0808 
.0668 
.0548 
.0446 
.0359 
.0287 
.0228 
.0179 
.0139 
.0107 
.0082 
.0062 
7004T 
.0035 
.0026 
.0019 
.0013 
.0010 
.0007 
.0005 
.0003 
.00023 
.00016 
.00011 
.00007 
.00005 
.00003 
.01 
.4960 
.4562 
.4168 
.3783 
.3409 
.3050 
.2709 
.2389 
.2090 
.1814 
.1562 
.1335 
.1131 
.0951 
.0793 
.0655 
.0537 
.0436 
.0351 
.0281 
.0222 
.0174 
.0136 
.0104 
.0080 
.0060 
70015" 
.0034 
.0025 
.0018 
.0013 
.0009 
.02 
.4920 
.4522 
.4129 
.3745 
.3372 
.3015 
.2676. 
.2358 
.2061 
.1788 
.1539 
.1314 
.1112 
.0934 
.0778 
.0643 
.0526 
.0427 
.0314 
.0274 
.0217 
.0170 
.0132 
.0102 
.0078 
.0059 
700IT 
.0033 
.0024 
.0018 
.0013 
.0009 
.03 
.4880 
.4483 
.4090 
.3707 
.3336 
.2981 
.2643 
.2327 
.2033 
.1762 
.1515 
. 1292 
.1093 
.0918 
.0764 
.0630 
.0516 
.0418 
.0336 
.0208 
.0212 
.0166 
.0129 
.0099 
.0075 
.0057 
70033" 
.0032 
.0023 
.0017 
.0012 
.0009 
.04 
.4840 
.4443 
.4052 
.3669 
.3300 
.2946 
.2611 
.2296 
.2005 
.1736 
.1492 
.1271 
.1075 
.0901 
.0749 
.0618 
.0505 
.0409 
.0329 
.0262 
.0207 
.0162 
.0125 
.0096 
.0073 
.0055 
TOOIT 
.0031 
.0023 
.0016 
.0012 
.0008 
.05 
.4801 
.4404 
.4013 
.3632 
.3264 
.2912 
.2578 
.2266 
.1977 
.1711 
.1469 
.1251 
.1056 
.0885 
.0735 
.0606 
.0495 
.0401 
.0322 
.0256 
.0202 
.0158 
.0122 
.0094 
.0071 
.0054 
70030" 
.0030 
.0022 
.0016 
.0011 
.0008 
.06 
.4761 
.4364 
.3974 
.3594 
.3228 
.2877 
.2546 
.2236 
.1949 
.1685 
.1446 
.1230 
.1038 
.0809 
.0721 
.0594 
.0485 
.0392 
.0314 
15550" 
.0197 
.0154 
.0119 
.0091 
.0009 
.0052 
70039" 
.0029 
.0021 
.0015 
.0011 
.0008 
.07 
.4721 
.4325 
.3936 
.3557 
.3192 
.2843 
.2514 
.2206 
.1922 
.1660 
.1423 
.1210 
.1020 
.0853 
.0708 
.0582 
.0475 
.0384 
.0307 
rem 
.0192 
.0150 
.0116 
.0089 
.0068 
.0051 
70038" 
.0028 
.0021 
.0015 
.0011 
.0008 
.08 
.4681 
.4286 
.3897 
.3520 
.3156 
.2810 
.2483 
.2177 
.1894 
.1635 
.1401 
.1190 
.1003 
.0838 
.0694 
.0571 
.0465 
.0375 
.0301 
70231F 
.0188 
.0146 
.0113 
.0087 
.0066 
.0049 
.0037 
.0027 
.0020 
.0014 
.0010 
.0007 
.09 
.4641 
.4247 
.3859 
.3483 
.3121 
.2776 
.2451 
.2148 
.1867 
.1611 
.1379 
.1170 
.0985 
.0823 
.0681 
.0559 
.0455 
.0367 
.0294 
7023T 
.0183 
.0143 
.0110 
.0084 
.0064 
.0048 
.0036 
.0026 
.0019 
.0014 
.0010 
.0007 
Rejection Region 
at the 95% 
Significance Level 
Rejection Region at the 
99% Significance Level 
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In t h e f i r s t c a s e , t h e c o m p a r i s o n of t h e s t r e a m f l o w 
r e c o r d s t h e e s t a b l i s h e d (HO) s t a t e d t h a t : 
The re i s JTO s i g n i f i c a n t d i f f e r e n c e between t h e 
s t r e a m f l o w r e c o r d s of each urban c a t c h m e n t and t h e r u r a l 
c a t c h m e n t . 
S i n c e t h e d i r e c t i o n of t h e d i f f e r e n c e i s n o t s p e c i f i e d 
t h e t e s t i s t w o - t a i l e d . 
T a b l e 4 . 4 p r e s e n t s t h e r e s u l t s of compar ing t h e Highland 
Creek and then t h e L i t t l e Don s t r e a m f l o w r e c o r d s ( b o t h 
u rban) w i t h t h e r u r a l Cold Creek s t r e a m f l o w r e c o r d s . The 
d e t a i l e d c a l c u l a t i o n s a r e p r e s e n t e d in Appendix 2 , which 
a l s o l i s t s t h e mean mon th ly s t r e a m f l o w r e c o r d s fo r a l l t h e 
c a t c h m e n t s . 
TABLE 4 . 4 
THE RESULTS OF THE WILCOXAN TEST ON THE URBAN AND RURAL 
STREAMFLOW RECORDS 
N T Z s c o r e 
H igh land Creek s t r e a m f l o w 
t e s t e d a g a i n s t 111 9 0 2 . 0 - 6 . 4 9 
Cold Creek s t r e a m f l o w 
L i t t l e Don s t r e a m f l o w 
t e s t e d a g a i n s t 121 7 6 4 . 5 - 7 . 5 7 
Cold Creek s t r e a m f l o w 
The Z s c o r e d e t e r m i n e d for t h e High land Creek and Cold Creek 
r e c o r d s ( - 6 . 4 9 ) i s s m a l l e r t han t h e c r i t i c a l s c o r e ( - 2 . 5 7 5 ) 
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and is consequently associated with a probability that is 
within the established rejection region. Similarly, the Z 
score calculated for the Little Don and the Cold Creek 
records (-7.57) is also associated with a probability that 
is within the rejection region. It should be noted that the 
Z scores themselves correspond to such small probability 
values that they cannot be assessed using the Table of 
Probabilities in Table 4.3. However, the Z scores indicate 
that, in both cases, their associated probabilities are 
below the critical level ( ©<= 0.01), and thus the (HO) can 
be rejected. Consequently, there _is a difference between the 
urban and the rural streamflow records, and therefore the 
Wilcoxan Test has indicated that both the Little Don and the 
Highland Creek records differ significantly from the rural 
Cold Creek monthly streamflow record. 
These differences may, however, be the result of 
differences in precipitation that occurred over the 
catchments during the study period. To determine if there is 
any statistical difference between the precipitation over 
the catchments, the monthly rainfall totals from the 
Ellesmere meteorological station within the Highland Creek 
catchment were compared with the corresponding totals from 
the Cold Creek meteorological station within the rural 
catchment. Then the monthly precipitation totals from the 
Richmond Hill OWRC meteorological station within t.ho Little 
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Don Catchment were compared with those from the Cold Creek 
s t a t i o n . I t should be noted that the p rec ip i ta t ion t o t a l s 
are comprised of both r a i n f a l l and snowfall records, 
expressed as equivalent inches of r a i n f a l l . The new (HO) 
established for these t e s t s stated tha t ; 
There i s no s igni f icant difference between the monthly 
p rec ip i t a t ion data recorded in the urban and the rura l 
catchments. 
Because the d i rec t ion of the difference is not specified 
the t e s t i s two- ta i led . 
A summary of the r e s u l t s of these t e s t s i s presented in 
Table 4 .5 , while the detai led ca lcula t ions are presented in 
Appendix 7. These ca lcula t ions include a l i s t i n g of the 
monthly prec ip i ta t ion and r a in f a l l t o t a l s for the study 
period where two corresponding months could be matched. The 
Z score (-1.26) calculated from the r a i n f a l l t o t a l s recorded 
in the urban Highland Creek and the rura l Cold Creek 
resulted in a two-tailed probabi l i ty of 0.2076. From Table 
4.3 i t can be seen that t h i s probabi l i ty l i e s outside the 
re ject ion region at the 99% level and the (HO) must be 
upheld. Similarly, the two-tailed probabi l i ty of 0.1586, 
produced from the prec ip i ta t ion t o t a l s for the L i t t l e Don 
and the Cold Creek catchments, also l i e s outside the 
re ject ion region. The (HO) is again upheld. 
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TABLE 4.5 
THE RESULTS OF THE WILCOXAN TEST ON THE PRECIPITATION DATA FROM THE CATCHMENTS 
Calculated Two-tailed 
Z score Probability Probability 
[RAINFALL TOTALS ONLY] 
ELLESMERE (Highland Creek-urban) 103 2308.5 -1.26 0.1038 0.2076 
and COLD CREEK (Cold Creek-rural) 
[TOTAL PRECIPITATION TOTALS] 
RICHMOND HILL (Little Don-urban) 112 2678 -1.41 0.0793 0.1586 
and COLD CREEK (Cold Creek-rural) 
(It may be noted that in both cases the calculated 
probabilities also lie outside the rejection region 
established at a 95% significance level, see Table 4.3). 
Thus, one can conclude that there is n_o significant 
difference between the monthly precipitation totals over the 
catchments. 
Consequently, the statistical difference established 
between the urban and the rural streamflow records cannot be 
attributed to differences in the precipitation received by 
the catchments over the study period. They may, however, be 
attributed to differences in catchment characteristics. By 
far the most important, established difference between the 
catchment characteristics, in terms of its effect on the 
hydrological response of the catchment, is that of 
urbanisation. Consequently, the differences indicated in the 
monthly streamflow records may be attributed to the presence 
of urbanisation. In establishing the importance of 
urbanisation in causing the difference, further 
investigations into the nature of the difference may 
identify the effect urbanisation exerts on the monthly 
streamflow from these catchments. 
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4.3 The Time Series and Trend Analysis. 
For the sake of clarity the results from the time series 
will be considered separately from the trend analysis. The 
seasonality inherent in monthly series is clearly evident, 
illustrated by the high flows caused by snowmelt conditions 
that occur in the spring of every year, see Figures 4.2, 
4.3, and 4.4. (The data from which these graphs were 
generated are included in Appendix 2). These high flows are 
generally followed by low summer and early winter flows. 
This annual cycle of discharge can be clearly traced 
throughout all the time series. 
In Figure 4.2, the streamflow record for the Highland 
Creek catchment, for three years of the series (1966, 1967, 
and 1968) spring snowmelt peaks of approximately the same 
value, just above 2.0 cfs/sq.ml., are recorded. These are 
then followed by three consecutive peaks all of which are 
smaller in value than the previous four. These, in turn, are 
followed b^y the two largest spring snowmelt peaks of the 
series, i!n the spring of 1971 and 1972, which record 
discharges of more than twice those of the preceding three 
years. This grouping of high, low and then maximum peaks is 
also apparent in the other catchment records. 
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FIGURE 4 . 3 
< 
, 
! 
i 2 
/ \ 
1 
1 
J J 
2 
i 
i 
i 
| 
S 
s 
£ 
.11 
•Jl 
"M'K/*U> HI ZMtnOEIO 1-WUOH 
The Analysis 143 
FIGURE 4 .4 
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In the L i t t l e Don catchment, (see Figure 4 . 3 ) , the f i r s t 
t h r e e spr ing snowmelt f lows, from 1965-1967, a re not 
s i g n i f i c a n t l y d i f f e r e n t from the middle t h r e e peaks between 
1969-1971. Only the spr ing flow for 1968 s tands out as a 
higher v a l u e , being almost 3.0 c f s / s q . m l . The l a t t e r pa r t of 
the r eco rd , 1972-1974, does record the h ighes t spr ing flows 
s imi l a r to the Highland Creek. 
In the Cold Creek catchment, (see Figure 4 . 4 ) , i t i s 
n o t i c e a b l e t h a t a l l but two of the spr ing snowmelt flows a re 
contained within one month 's v a l u e , r e s u l t i n g in an i s o l a t e d 
pointed appearance . This month i s e i t h e r March or A p r i l , 
with March holding a s l i g h t edge in the frequency of 
exper ienc ing the snowmelt f lows. In both the urban 
catchments many of the spr ing high flows are recorded over 
two adjacent months, producing a s t agge red , wider peaking. 
The l eng th of t ime over which spr ing snowmelt c o n d i t i o n s 
occur , i s approximately the same because one would suspect 
the c o n d i t i o n s a re mostly determined by the broad, o v e r a l l 
c l i m a t i c c o n d i t i o n s . Therefore , in the r u r a l catchment the 
spr ing snowmelt flows c o n t r i b u t e , most of the t ime , to a 
s i n g l e months' runoff, whereas the spr ing flows in the urban 
catchments c o n t r i b u t e to the higher runoff volumes for two 
adjacent months, normally March and A p r i l . This i n f e r s t h a t 
the snowmelt occurs over >a s l i g h t l y d i f f e r e n t t ime period 
than the corresponding snowmelt flows in the r u r a l 
catchment . 
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FIGURE 4.5 
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A l a r g e r d i f f e r e n c e between the monthly time s e r i e s 
concerns the summer and winter f lows. In the r u r a l catchment 
the spr ing flows a r e followed by a cont inuous success ion of 
low f lows, except ing the s i n g u l a r i t y in the summer and 
winter of 1967, see Figure 4 . 4 , where d i s t i n c t peakings are 
e v i d e n t . However, in the urban catchments the v a r i a t i o n in 
these flows i s much g r e a t e r with f requent minor peakings 
appear ing in both r e c o r d s . As an example of t h i s d i f f e r e n c e 
Figure 4 .5 shows the corresponding monthly flows from May to 
December 1971, for a l l t h r e e ca tchments . 
For t h i s period the monthly flows in the r u r a l catchment 
vary from 0.28 to 0.40 c f s / s q . m l . whi le the flows in the 
L i t t l e Don catchment vary from 0.45 to 1.15 c f s / s q . m l . and 
those in the Highland Creek vary from 0.33 to 1.05 
c f s / s q . m l . Not only i s the v a r i a t i o n in the flows over t h i s 
period much g r e a t e r in the urban catchments but a l so the 
volume of flow in a l l those months, with a so le excep t ion , 
i s g r e a t e r than those in the r u r a l catchment . This 
phenomenon can be t r a c e d , to a g r e a t e r or l e s s e r degree , 
throughout the whole of the study per iod and may prove to be 
a most s i g n i f i c a n t d i f f e r e n c e between the urban and ru r a l 
ca tchments . 
To con t inue the d i s c u s s i o n in to the smoothed sequences 
two major po in t s may be cons idered from the 13 term t r ends 
i n d i c a t e d in Figure 4 . 6 . 
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FIGURE 4 .6 
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(The data from which this graph was generated is presented 
in Appendix 8). First of all, there appears to be a common 
long wavelength cyclic component which is evident in all 
three sequences. This oscillation reaches its first maximum 
amplitude, or crest, at approximately the same time in all 
the sequences, September 1967, and then proceeds to decline 
into a trough or a minimum value in early 1970. It then 
arises to a crest again by September 1972. It seems possible 
that this phenomenon may reflect the variation in the spring 
snowmelt flows over the entire study period being, generally 
high in the years 1965 to 1968, then low from 1969 to 1971 
and attaining the maximum values in the years 1972 to 1974. 
However, Yevjevich (1972) highlights one of the inherent 
dangers that can cause misinterpretation of these smoothed 
sequences. 
The cyclic component indicated may be an 'optical error' 
which is solely the result of the application of trend 
analysis. This visual impression of an oscillating movement 
can be shown to be a random entity because the components of 
the-oscillation, the amplitude and wavelength have a random 
variation. When this is the case the smoothing is said to 
exhibit the Slutsky-Yule effect, which has been defined as 
the phenomenon of a smoothed independent stationary 
stochastic series showing fluctuations that look similar to 
periodic movements, (p. 219, Yevjevich, 1972). However, in 
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Figure 4.6, it appears unlikely that this effect is evident 
because the urban sequences illustrate an increasing trend 
which denounces the stationarity and independence factors 
from the conditions defined for the effect. Furthermore, 
there appears to be a visual relationship between the time 
series and the smoothed values tends to establish a real 
oscillatory motion. It is, however, always purposeful to 
indicate the possible dangers that can arise from the 
application of these analyses. 
In considering the cyclic component of the 13 term 
smoothed sequences, they are similar in value only 
throughout the first crest, beginning in September 1967 and 
declining into the subsequent trough by August 1969. Here 
all three sequences are in close proximity with the rural 
sequence peakings above both urban sequences in September 
1968. Over the latter half of this period the rural sequence 
exhibits higher values than that from the Highland Creek. 
In the troughs on either side of this crest, from 
September 1966 to August 1967 and from August 1969 to August 
1971, the separation between the sequences is much greater. 
The rural sequence displays the lowest values in both 
troughs, but the Highland Creek sequence is continually 
highest in the first trough while the Little Don sequence is 
continually highest in the second trough. The separation 
between the two urban and rural sequences attains maximum 
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levels within the final section, from September 1971 to the 
end, June 1974. In fact, from 1970 onward the two urban 
sequences rise at a much more rapid rate than the rural 
sequence. Thus, the values within the second crest in the 
urban sequences are greater than those in the first. In the 
rural sequence this is not the case, the maximum values in 
both crests being approximately the same. 
Finally, there is a difference between the urban 
sequences. The Highland Creek sequence maintains a higher 
value than the Little Don sequence from the beginning, April 
1966 to October 1967. Then, during what is essentially the 
trough of the cyclic component the Little Don sequence is 
continually greater than the Highland Creek. After October 
1971 the latter sequence then reverts back to its original 
status, above the former sequence. 
The second major point concerns the small but distinct 
peakings that occur approximately every 12 months in all 
three sequences. This is the result of combining together 
two snowmelt flows from consecutive years, because of the J_3 
term smoothing interval. This combination results in a 
clearly defined peaking even though it is being averaged 
over another 11 months. This confirms the visual expression 
of the vast difference between the spring high flows and the 
following summer low flows that is presented in the time 
series graphs. 
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The extent of the difference between the high snowmelt 
flows and the surrounding lower winter and summer flows may 
be visually illustrated by the size of the peakings. The 
largest peaking in all three sequences occurs in September 
and October 1972 and is the result of the combination of the 
two largest snowmelt flows recorded in all the catchments in 
the springs of 1971 and 1972. 
The major difference between the rural and urban 
peakings within their sequences occurs in September 1968 
where a distinct rural peaking has no corresponding 
occurrence in either of the urban sequences. The Little Don 
sequence does show a rise that covers two consecutive points 
but the Highland Creek expresses a continual decline at this 
point. This could illustrate a breakdown in the distinct 
seasonality of the monthly streamflow within the urban 
catchments, a phenomena known to occur because of the effect 
of urbanisation. However, the urban sequences display 
peakings very similar to the rural ones throughout the rest 
of the study period and this tends to suggest that the 
seasonality still exists as a dominant factor in the monthly 
streamflow record. 
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Finally, the 49 term sequences can be compared with an 
examination of Figure 4.7., which indicates very clearly the 
apparent trends evident in the time series graphs, Figures 
4.2, 4.3, and 4.4, as well as those recorded by the 13 term 
smoothed sequences. (The data from which Figure 4.7 was 
constructed is presented in Appendix 9). Two major points 
can be considered; the differences in the direction of the 
trends and the differences in the values of the trends. 
First of all, the Little Don sequence indicates a 
continually increasing trend, the rate of increase rising 
towards the latter part of the sequence. The Highland Creek 
sequence, however, shows a decline in the middle section 
illustrating a trough similar to those in the 13 term 
smoothed sequences. ThejHighland Creek sequence does 
maintain the higher values than the Little Don sequence at 
its extremities. Again, this is a similar circumstance to 
that illustrated in the 13 term smoothed sequences, (see 
Figure 4.6). 
The rural sequence shows no apparent directional change 
although from approximately March 1968 to June 1969 higher 
values are recorded than those throughout the period from 
February 1970 to January 1972, with the exception of a 
peaking centred at March 1971. After January 1972 the trend 
increases again to approximately those higher values between 
March 1968 to June 1969. 
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Secondly, the va lues of the sequences a re cons ide rab ly 
d i f f e r e n t . The urban sequences record con t inuous ly g r e a t e r 
va lues than those in the r u r a l . This d i f f e r e n c e , because of 
the d i f f e r i n g t r e n d s , i n c r e a s e s in ex t en t towards the l a t t e r 
p a r t of the s tudy p e r i o d . The maximum range of the 49 term 
t rend for the L i t t l e Don catchment covers 0.2831 c f s / s q . m l . , 
from 0.7616 to 1.0447 c f s . / s q . m l . whi le the inc rease in the 
Highland Creek catchment i s from 0.7484 c f s / s q . m l . to 1.0086 
c f s / s q . m l . The Cold Creek 49 term t r e n d , on the o ther hand, 
i n d i c a t e s a v a r i a t i o n from 0.6367 and 0.7182 c f s . / s q . m l . , a 
range of 0.0815 c f s . / s q . m l . The L i t t l e Don sequence not only 
i n d i c a t e s a g r e a t e r range but the minimum value occurs a t 
the beginning of the sequence and the maximum near the 
oppos i t e end, thus express ing a cont inuous i n c r e a s e . This i s 
not the case in the r u r a l sequence where the maximum and 
minimum values occur around the middle of the sequence, 
express ing no such d i r e c t i o n a l i n c l i n a t i o n . As mentioned 
p r e v i o u s l y , the Highland Creek sequence d e c l i n e s to a trough 
in i t s middle s e c t i o n , which i n c l u d e s the minimum va lue . 
However, a f t e r t h a t minimum, February 1970, a very rapid 
i n c r e a s e to the maximum value a t December 1971 i s e v i d e n t . 
The 49 term t rend va lues could be defined as average 
f lows, in a s i m i l a r manner to t h a t expressed by H o l l i s 
(1974) , 
The Analysis 155 
"Finally, the mean maximum flood, as expressed by 
the 51-month moving mean, has increased from 1.16 
to 2.58 cumecs [14], a rise of 220 per cent during 
the period under scrutiny," (p.127). 
Similarly, then Table 4.6 presents the increase in the 
average flows in the urban catchments during the study 
period. The mean monthly flows have risen by approximately 
36% and by 25% in the Little Don and the Highland Creek 
catchments respectively. The much smaller increases in flows 
compared with that expressed above by Hollis may be because 
he examined the maximum flows whereas the mean flows are 
being considered here. 
TABLE 4.6 
THE INCREASE IN THE 'AVERAGE' FLOW WITHIN THE TWO 
URBAN CATCHMENTS DURING THE STUDY PERIOD. 
HIGHLAND CREEK LITTLE DON 
1st. 49-term value 
Last 49-term value 
% Increase in 
'Average Flow' 
0.8067 
(Oct. 1966) 
1.0086 
(Dec. 1971) 
25.0% 
0.7616 
(Oct. 1966) 
1.0337 
(Dec. 1972) 
35.8% 
In conclusion, the time series of the urban and rural 
catchments indicate differences in both the higher spring 
flows and the lower summer and winter flows. 
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A COMPARISON BETWEEN THE GROWTH OF IMPERVIOUSNESS AND THE 19 TERM 
SMOOTHED SEQUENCES WITHIN THE URBAN CATCHMENTS 
1 1 1 1 1 r~i 1 1 1 1 1 1 1 1 1 1 1 T 
1961 D 1965 D 1966 D 1967 D 1968 ° 1969 D 1970 D 1971 D 1972 D 
PART OF THE STUDY PERIOD (June 1961 to Dec. 1972) 
The difference between the spring snowmelt flows i s 
r e s t r i c t e d to the apparent timing of the flows, indicated by 
the shape of the peaks in the time s e r i e s ; the values being 
approximately the same for a l l the catchments. The lower 
summer and winter flows, however, are d i f ferent in the i r 
var ia t ion and the i r va lues . Throughout most of t h i s time the 
urban catchments maintain a greater var ia t ion and greater 
values than the rura l catchment. 
These higher discharges are evident because of the 
cons i s ten t ly greater values of the smoothed sequences from 
the urban catchments, over most of t he i r length. The 
difference in these values also increases towards the l a t t e r 
part of the study period, as the urban sequences i l l u s t r a t e 
an increasing trend whereas the the rura l sequence shows no 
such tendency. 
In fac t , i t i s not iceable that the increasing trend of 
the urban sequences corresponds with the increasing growth 
of urban development in each catchment, which was measured 
in section 4 . 1 . Figure 4.8 shows the urban development 
measured in each catchment along with the 49 term smoothed 
sequences. I t i nd i ca t e s , for example, tha t a growth of 
imperviousness in the L i t t l e Don catchment from 11.4% in 
1964 to 22.9% in 1972 was accompanied by an increase in the 
'average ' monthly flow of approximately 36%. Similarly, the 
'average ' monthly flow of the Highland Creek rose some 25% 
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as the percentage of imperviousness within the catchment 
increased from 19.10% in 1964 to 28.9% in 1972. 
4.4 The Flow Duration Analysis. 
Because of the close proximity of points that comprise 
the flow duration curves, espec ia l ly between the urban 
catchments, only the points from the higher discharge values 
have been connected, see Figure 4 .9 . (The data from which 
t h i s graph was constructed i s presented in Appendix 10). A 
visual inspection of Figure 4.9 suggests two main aspects . 
The f i r s t concerns the s imi l a r i ty in the flow duration 
curves of the two urban catchments, throughout almost the i r 
en t i r e length . In the lower discharge values t h i s s imi la r i ty 
i s pa r t i cu l a r l y c lose , with the values from each catchment 
suggesting a common curve could be constructed, and 
indicat ing an almost constant r a t e of increase from 100% to 
the 30% mark. This s imi l a r i t y i s insp i te of the differ ing 
amounts of urbanisat ion tha t occurs within each catchment. 
Only below the 15% mark on the x-axis do the points separate 
to any degree. Here, the points from the L i t t l e Don 
catchment ascend at an almost constant r a t e , with higher 
values than the Highland Creek, (where the points are 
connected) . This r a t e of ascendency in the L i t t l e Don points 
continues un t i l the 3% mark. Then the final three points 
indicate a very rapid ascent to the maximum value, (3 .90) . 
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On the other hand, the points from the Highland Creek 
indicate a less abrupt ascent, which, from the 9% mark is 
followed closely by the points from rural Cold Creek. This 
suggests a similarity between these higher snowmelt flows 
and helps confirm the results indicated by the previous 
analysis; that these flows only differ to any extent in 
their timing. 
The second aspect apparent from Figure 4.9 concerns the 
difference between the rural and the two urban plots. The 
difference becomes most evident after the 10% mark and 
continues to the 98% mark, where the rural points constantly 
express lower discharge values than all the urban points. 
The rural plot expresses a low constant rate of increase in 
the lower discharges, up until the value of 0.5 cfs/sq.ml. 
This low rate is in contrast to the higher rate of the urban 
plots. As a result, higher discharges occurred in the urban 
catchments than in the rural, for the majority of the study 
period. However, at the lower discharge extreme of Figure 
4.9, the final two recordings from the Highland Creek 
indicate lower values than those from the rural Cold Creek. 
The corresponding values from the Little Don catchment 
approximate very closely those values from the Cold Creek. 
Thus the difference between the urban and rural streamflows 
at this level is very small. Indeed a reverse situation, 
the flows from the rural catchment being larger than the 
flows from the Highland Creek, is experienced. 
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TABLE 4.7 
A COMPARISON OF THE MEDIAN, THE UPPER QUARTILE, AND THE 
LOWER QUARTILE DISCHARGES EXTRACTED FROM THE DATA 
PRODUCED BY THE FLOW DURATION ANALYSIS. 
HIGHLAND CREEK 
LITTLE DON 
COLD CREEK 
RATIO OF 
Highland Creek 
Cold Creek 
Little Don 
Cold Creek 
LOWER 
QUARTILE 
(75%) 
0.52 
0.50 
0.35 
URBAN TO RURAL 
1.49 
1.43 
MEDIAN UPPER 
VALUE QUARTILE 
(50%) (25%) 
0.72 1.07 
0.67 1.08 
0.44 0.75 
DISCHARGES 
1.64 1.43 
1.52 1.44 
Table 4.7 emphasises the difference between the urban 
and rural catchments by presenting certain discharges 
determined from the flow duration data. It also indicates 
the ratio of the urban to rural discharge for those 
discharges. The similarity between the values from the two 
urban catchments is apparent here, being rather surprising 
in that there is a substantial difference between the amount 
of imperviousness within each catchment. The greatest 
difference is in fact, in the median value where the 
Highland Creek records 0.72 cfs./sq.ml. and the Little Don 
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records a lower value of 0.67 cfs./sq.ml. However, the 
consistently lower values of the rural discharges 
substantiate the conclusions from the previous analysis; 
that the lower monthly discharges, concentrated in the 
summer and winter, are greater in the urban catchments. 
The extent of this difference is indicated by the ratio 
of the urban to rural discharges for the percentiles listed 
in Table 4.7. These show that the greatest difference 
between the urban and rural discharges occurs at the median 
value, where the Highland Creek and the Little Don express a 
64% and a 52% increase over the Cold Creek median value 
respectively. The upper and lower quartiles experience 
lesser differences but still indicate that the urban 
discharges are at least 43% greater than the respective 
rural discharge. Consequently, Figure 4.9 and Table 4.7 
illustrate that the urban catchments experienced greater 
discharges than the rural catchment for the majority of the 
study period. 
In an attempt to determine exactly at which times of the 
year the flows in the urban catchments are greater than 
those in the rural catchment, the flow duration data was 
plotted on logarthmic - probability scales, (see Figure 
4.10). This facilitated the division of discharge into 
'high', 'medium', and 'low' flow categories. 
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FIGURE 4 .10 
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The boundaries were considered in terms of separating the 
higher discharges from the lower and to give an indication 
of the difference between the urban and rural discharges in 
the lower discharge range. Therefore, where the rural 
'curve' converged on the urban 'curves', simplified to an 
'average' trend by a single line, provided the boundary 
between the 'high' and 'medium' categories. 
A least squares evaluation, perfomed to approximate the 
rural discharge values as a straight line, employed the 
uppermost 15 points from Figure 4.10. These were selected 
because they expressed a much greater slope than the lower 
points. The equivalent evaluation to approximate the urban 
flow duratuion 'curves' employed 23 uppermost points from 
both urban plots. These points covered the same percentage 
of time, indicated on the x-axis, as those points used to 
approximate the upper slope of the rural flow duration 
'curve'. The convergence occurred at the 2.55 cfs./sq.ml. 
discharge and this established the upper boundary. 
Another least squares evaluation, performed to 
approximate the lower portion of the rural flow duration 
'curve', used the 15 lowest points and resulted in a 
straight line of lesser slope than that from the upper 
points. A distinct break of slope occurred where these two 
approximations converged and this was used as the second 
boundary, that between the 'medium* and 'low' discharge 
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c a t e g o r i e s . Thus, monthly flows of l e s s than 0.48 c f s / s q . m l . 
c o n t r i b u t e d to the ' low ' flow c a t e g o r y ; flows between 0.48 
and 2.55 c f s / s q . m l . were included in the 'medium' flow 
c a t e g o r y ; and flows g r e a t e r than 2 .55 c f s / s q . m l . were ' h i g h ' 
flows . 
The occur rence of monthly flows within each ca tegory for 
the s h o r t e s t cont inuous record (Highland Creek, from Oct. 
1964 to Dec. 1973) are presented in Table 4 . 8 . The t a b l e 
i n d i c a t e s t h a t high flows only occurred during March and 
A p r i l . Ev iden t ly , the spr ing snowmelt con t r ibu ted to the 
runoff of t he se months, so they were grouped toge the r as the 
' snowmelt ' p e r i o d . The months from May to October were 
combined as the 'summer' period because the snowfall records 
i n d i c a t e d t h a t up u n t i l November the monthly snowfall t o t a l s 
were i n s i g n i f i c a n t . Consequent ly, November to February, a 
period of snowfa l l , was c l a s s i f i e d as ' w i n t e r ' . 
The occur rence of monthly f lows , recorded in Table 4 . 8 , 
were summed up for these d i f f e r e n t pe r iods and presented in 
bar graph form, ( see F igure 4 . 1 1 ) . I t i n d i c a t e s the number 
of monthly flows of a given ca tegory occur r ing in each 
catchment and wi thin each p a r t i c u l a r pe r iod . 
Consider ing the snowmelt p e r i o d , t h e r e i s a c lose 
s i m i l a r i t y in the occur rence of flows from each catchment . 
In f a c t , the L i t t l e Don catchment recorded l e s s ' h i g h ' flows 
than the r u r a l Cold Creek. 
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TABLE 4.8 
THE OCCURRENCE OF FLOWS WITHIN EACH CATEGORY FOR THE PERIOD 
FROM OCT. 1964 TO DEC. 1973 
JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC 
'High' 2 1 
LITTLE 
DON 'Medium' 8 9 7 8 8 
CATCHMENT 
•Low" 
CATCHMENT 
> 
« COLD 
'High' 
HIGHLAND 
CREEK 'Med ium ' 7 8 8 8 8 7 7 5 5 7 9 10 
'Low' 
M 
' H i g h ' 
CREEK 'Medium' 
CATCHMENT 
c* Low' 7 4 1 6 8 8 9 9 9 5 4 
FIGURE 4.11 
THE OCCURRENCE OF MONTHLY FLOWS WITHIN 
DIFFERENT PERIODS OF THE YEAR. 
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However, only the Cold Creek catchment recorded a single 
'low' flow occurrence during the snowmelt period, the 
remaining flows all being contained within the 'high' and 
'medium' categories. 
The summer period shows a marked difference from the 
snowmelt, in that the occurrence of 'medium' flows in the 
urban catchments is much greater than the occurrence in the 
rural. The converse is expressed in the 'low' flow category 
where 49 such flows occurred in the rural catchment compared 
to 16 and 20 flows in the Highland Creek and the Little Don 
catchments respectively. A similar situation is indicated in 
the winter period where 34 'medium' flows occurred in both 
urban catchments compared with only 18 in the rural. 
However, it is noticeable that in both the urban and the 
rural catchments the actual occurrence of 'medium' flows 
rather than 'low' flows is greater in the winter period. 
The relative concentration of 'low' flows, in the summer 
period, found in all the catchments, can be explained by 
high summer temperatures which would raise the 
evapotranspiration rate and thereby reduce the amount of 
runoff. In the rural catchment, however, groundwater 
probably comprises a very large proportion of the total 
runoff, because summer precipitation would be mostly 
absorbed by the catchment or evaporated by the high 
temperatures, which in turn drastically reduces the 
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contribution of storm runoff. The result of this is an 
overwhelming dominance of 'low' flows. 
On the other hand, in the urban catchments, summer 
precipitation is rapidly removed from the impervious 
surfaces as storm runoff, thus augmenting the streamflow. In 
the Literature Review Hollis (1975) suggests storm runoff 
can be generated from small and moderate precipitation 
events, so that the aggregated effect of this storm runoff 
is to increase the incidence of 'medium' flows in the urban 
catchments. 
In the winter period, the greater occurrence of 'medium' 
flows in the urban catchments compared to the rural, could 
be an indirect result of the 'heat island' effect produced 
by cities, such as Toronto. The warmer temperatures within 
the city may help to melt the snow thereby increasing the 
amount of winter runoff. Concrete and asphalt surfaces 
appear to maintain snowcover to a much lesser extent than 
most vegetated surfaces. This, along with the removal of 
snow and the application of salt which acts as a catalyst to 
the snowmelting process, would certainly promote winter 
runoff compared to the rural situation. 
To summarise these results, differences between the 
urban and rural streamflow records are concentrated in the 
lower range of flows, expressed as 'medium' and 'low' flows. 
The summer period showed a concentration of 'low' flows in 
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both the urban and rural catchments. However, the 
concentration was much greater in the rural catchment, in 
which 'low' flows occurred for 87% of the time compared with 
38% and 40% of the time in the Highland Creek and Little Don 
catchments respectively. The increasing occurrence of 
'medium' flows in the winter period compared to the summer, 
a feature evident in all the catchments, appeared to be 
slightly more extreme in the urban catchments. 
Consequently, urbanisation appears to have increased 
those flows that occurred over the greater part of the study 
period. That increase in flow varied slightly as the 
discharge increased; the ratio of urban to rural flow 
aspiring to a value of 1.64 between the Highland Creek and 
the Cold Creek median discharges. The increase in discharge 
recorded in the urban catchments was also concentrated in 
the summer and winter periods, when the tendency was for 
rural 'low' flows to be replaced by 'medium' flows in the 
urban catchments. This tendency was also slightly greater in 
the winter period rather than the summer. 
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5, CONCLUSIONS. 
The examination of monthly streamflow data from two 
urban catchments in comparison with the corresponding 
streamflow record from a nearby rural catchment indicated 
that urbanisation affects both the amount and the occurrence 
of those flows throughout the year. The major difference 
caused by urbanisation was the increase in discharges that 
were recorded over most of the study period. These increases 
occurred in most of the 'medium' and 'low' flows; those 
flows of lesser magnitude. The extent of the increase 
appeared to be greatest between flows that were equalled or 
exceeded from 50% to 20% of the study period; that is, the 
greatest differences occurred within the magnitude of most 
of the 'medium' flows. The value of these flows ranged from 
0.67 to 1.25 cfs./sq.ml. in the urban catchments and from 
0.44 to 0.85 cfs./sq.ml. in the rural catchment. 
These increases appear to have occurred throughout the 
summer and winter periods of the year. In the summer period 
the overwhelming dominance of 'low' flows in the rural 
catchment has been replaced to a certain extent, by 
increased discharges in that there is a greater incidence of 
'medium' flows. Similarly, in the winter period there is a 
greater incidence of 'medium' flows in the urban catchments 
compared with the rural catchment. 
Conclusions 172 
During this same time there has also been a greater 
variability of flow in the urban catchments. In the rural 
catchment the consistently 'low' flows are followed by 
gradually increasing flows during the winter. In the urban 
catchments increased flows occur during the summer as well 
as the winter. This variability prompts two lines of 
consideration. 
First, the urban catchments may indicate an increased 
dependence on storm runoff compared to the rural catchment. 
This is more likely to be the case during the summer when 
the streamflow from the rural catchment would be expected to 
be largely comprised of groundwater. In the urban catchments 
summer precipitation can be rapidly removed from the 
impervious surfaces and thereby contribute to an increase in 
streamflow. The precipitation falling on the rural 
catchment, however, would tend to be evaporated or 
infiltrated into a storage of some form. 
The second consideration could be described as a partial 
breakdown in the seasonality of flow. The high snowmelt 
flows in spring are consistently followed by low summer and 
slightly increased winter flows in the rural catchment. In 
the urban catchments for the summer and winter periods this 
general sequence is replaced by a greater variation in the 
magnitude of consecutive flows. This is the result of 
interference by urbanisation with the climatic controls that 
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are normally exerted upon the streamflow regimen in rural 
a reas . 
However, the major seasonal component of the streamfiJ>ow 
records , the high spring snowmelt flows, accompanied 
throughout the remainder of the year by much lower flows, 
remains largely unaltered in the urban catchments. The 
urban time se r i e s graphs indicate snowmelt flows was 
approximately the same values as those in the rural 
catchment. However, the s l i gh t l y d i f fe ren t shape of these 
snowmelt peaks suggests tha t the timing of the snowmelt 
flows may be a l t e r e d . In the urban catchments the widening 
of these peaks to include both the month of March and April 
suggested that the snowmelt period traversed the end of 
March and the beginning of Apri l , whereas in the rural time 
se r i e s the snowmeLt period usually occurred within a single 
month. 
The increase in the lower discharges i s found to be in 
agreement with the r e s u l t s of the s tudies discussed in the 
L i t e ra tu re Review. However, the majority of these studies 
employed data from individual r a i n f a l l - runoff events to 
indicate tha t runoff yields are increased. The r e s u l t s from 
t h i s study indicate tha t t h i s effect i s s t i l l apparent over 
a combination of storm and subsequent dry periods in that a 
monthly database was employed. I t also indicates tha t the 
effect can s t i l l be detected using a smoothed f igure , tha t 
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being a mean value, which has been averaged over the 
continuous period of one month. Thus, the increased storm 
runoff in the urban catchments more than compensates for the 
intervening recession or "dry" periods because the monthly 
precipitation totals over all the catchments were proven to 
be no different from each other. This is, however, somewhat 
surprising as there is a body of literature that confirms 
the effect of urbanisation on precipitation. For example, 
Huff & Changnon (1972) found that in examining monthly and 
seasonal precipitation records within and around St. Louis, 
"a localised increase in total seasonal precipitation was 
found in all seasons, but was strongest in summer," (p.840). 
This difference was even greater when short duration storms, 
for example convective thunderstorms, were analysed. Huff 
(1975) showed that a substantially greater water yield from 
urban affected cells (storm units) compared with that from 
the rural (control) cells. However, these results are 
indicative of a particular climate, that of the Midwest of 
USA; a climate that is dominated by thunderstorm 
precipitation. Within Southern Ontario thunderstorm activity 
may not play such an important role in the total production 
of precipitation as in the Midwest. Storms of lesser 
intensity and of more moderate properties may contribute to 
the majority of the total precipitation and as such may not 
be as affected by urban areas. 
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However, the examination of the monthly precipitation 
totals indicated that the amount of precipitation, and 
therefore the amount of moisture generally available for 
runoff, was no different between the catchments during the 
study period. Therefore, the presence of urbanisation within 
the Highland Creek and the Little Don catchments has 
increased the monthly streamflow from essentially the same 
amount of precipitation. 
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FOOTNOTES. 
1 . 
A var iab le i s defined by Freeze (1974) as a cha rac t e r i s t i c 
of the system that can be measured and that assumes 
d i f fe ren t numerical values a t d i f fe ren t t imes. 
2. 
The term Recurrence In terval (a lso called the Return 
Period) i s the time which, on average, elapses between two 
events which equal or exceed a pa r t i cu la r l e v e l . So, the 
N-yr. event, the event which i s expected to be equalled or 
exceeded, on average, every N years , has a recurrence 
in te rva l of N years , (Wilson, 1969). 
3. 
A ' n a t u r a l ' area or basin i s one tha t has not experienced 
any land-use changes caused spec i f i ca l ly by the encroachment 
of urbanisa t ion . I t there fore , sus ta ins e i ther a r u r a l , 
a g r i c u l t u r a l , vegetated or completely natural land cover and 
typ i f i e s a pre-urban or non-urban condit ion. Conversely, an 
urban basin i s one which contains some recognisable form of 
urbanisa t ion , usually indicated by bui l t -up areas or 
'agglomerations of impervious surfaces of asphalt and 
concrete . 
4. 
The centroid of a p rec ip i t a t ion event can be defined as 
the time when half of the r a i n f a l l volume has already fal len 
and the remaining half has yet to f a l l . 
5. 
Carter (1961) describes a "partially sewered" basin as 
containing virtually complete suburban development, with a 
low imperviousness of slightly greater-than 10%, and a 
partly sewered drainage system in whicn the principal stream 
channels are maintained in their natural condition. 
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6. 
The f a c t o r s analysed by H o l l i s & Lucket t (1976) inc luded: 
a) the area of the catchment ; 
b) the percen tage of a rea covered by impervious 
urban s u r f a c e s ; 
c) the pe rcen tage of a rea covered by woodland; 
d) the Re l ie f Ra t io , (Rn); 
e) the form f a c t o r , (Rf) ; 
f) the main stream slope f a c t o r . 
Using these v a r i a b l e s H o l l i s & Lucke t t were able to 
determine the in f luence of l and-use v a r i a b l e s on the channel 
c r o s s - s e c t i o n r a t i o , whi le c o n t r o l l i n g those morphometric 
f a c t o r s . 
7. 
The modal flow i s descr ibed by Searcy (1959) as an 
a p p r o p r i a t e ' no rma l ' flow. I t i s defined as the poin t of 
i n f l e c t i o n of a flow d u r a t i o n curve when p lo t t ed on 
r e c t a n g u l a r c o - o r d i n a t e s and using the cumulat ive frequency 
of d i s c h a r g e . 
8. 
After i n q u i r i n g about the exac t n a t u r e of the procedure 
t h a t William Graf used in h i s s tudy to measure h i s urban 
parameter , he r e p l i e d t h a t , "photo-der ived maps were drawn 
from the a i r photo base d a t a . These maps were then 
p l an ime te r ed . " This i s quoted from a personnel communication 
with Prof. W. Graf . , dated 24th November 1976. 
9. 
In response to my w r i t t e n i nqu i ry on the exact na tu re of 
the sampling procedure used in h i s 1974 s tudy of Canon's 
Brook, Dr. G. H o l l i s r e p l i e d , in a l e t t e r dated 24 /11 /76 , 
"In the a i r photo work I used a s t r a t i f i e d random un-al igned 
dot sampling method." 
10. 
In response to my inqu i ry concerning the measurement of 
urban pa rame te r s , Prof. Colin Taylor r e p l i e d , "To do t h i s we 
took a l a r g e s c a l e map in to the f i e l d and marked in 
pavements, d r iveways , parking l o t s , b u i l d i n g s and the 
s t r e e t s themselves ( b a s i c a l l y a l l non-vegetated a r e a s ) . 
These were then measured using a p l a n i m e t e r . " This i s quoted 
from a l e t t e r dated 2 5 / 5 / 7 6 . 
11. 
The data for the meteorological stations was sent, on 
request, by Mr. D.N. McMullen, from the Conservation 
Authorities Branch of the Ministry of Natural Resources. He 
sent a photocopy of the relevant section (p.189-192) of 
"Meteorological Observations in Canada", published by 
Environment Canada. 
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12. 
On page x, within the notes headed 'Explanation of 
Reference Index Pulications', in the Index itself, the type 
of flow is indicated as 'NAT', "where the flow is known to 
be natural," that is, it is not artificially regulated. The 
variation in flow was the result of natural fluctuations in 
the precipitation - runoff relation. All the catchments in 
the study were referenced in the 1975 Index as 'NAT'. 
13. 
In a l l the analyses the monthly streamflow value was 
measured in cubic feet per second per square mile, and th i s 
was abbreviated to c fs / sq .ml . 
14. 
The abbreviation 'cumecs' i s a measure of discharge, in 
the un i t s cubic metres per second. 
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APPENDIX 1 
SUMMARY OF LAG TIME DEFINITIONS, 
( m o d i f i e d from E s p r e y , Morgan, & Masch, 1 9 6 6 ) . 
T1 = Time from b e g i n n i n g of r a i n f a l l t o t h e c e n t r o i d of 
r u n o f f , ( L i n s l e y , K o h l e r , & P a u l u s , 1958 ) . 
T2 = Time from t h e c e n t r e of mass o f r a i n f a l l e x c e s s t o 
t h e peak d i s c h a r g e , ( E a g l e s o n , 1 9 6 2 ) . 
T3 = Time from c e n t r e of mass o f r a i n f a l l e x c e s s t o t h e 
c e n t r e o f mass o f t h e r u n o f f , ( M a r t e n s , 1 9 6 8 ) . 
T4 = Time from t h e c e n t r o i d of r a i n f a l l t o c e n t r o i d of 
r u n o f f , ( C a r t e r , 1 9 6 1 ) . 
T5 = Time from t h e b e g i n n i n g of t h e r a i n f a l l t o t h e peak 
d i s c h a r g e , 
T6 = Time from c e s s a t i o n of e f f e c t i v e r a i n f a l l t o t h e 
i n f l e c t i o n p o i n t of t h e r e c e s s i o n s i d e of t h e 
r e s u l t i n g r u n o f f h y d r o g r a p h , T6 = T c , ( S n y d e r , 
1 9 5 8 ) . 
T7 = Time from t h e c e n t r o i d of r a i n f a l l t o t h e peak 
d i s c h a r g e . 
Tr = Time r e q u i r e d fo r t h e wa te r in t h e c h a n n e l a t t h e 
g a u g i n g s t a t i o n t o r i s e from t h e low t o t h e maximum 
s t a g e , ( E s p r e y , Morgan, & Masch, 1 9 6 5 ) . 
Tc = Time r e q u i r e d fo r a d r o p o f wa te r to t r a v e l from 
t h e most r emote p o i n t in t h e wa te r shed to t h e 
g a u g i n g s t a t i o n . 
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APPENDIX 2 
THE DETAILED CALCULATIONS OF APPLYING THE WILCOXAN 
TEST TO THE STREAMFLOW RECORDS FROM EACH OF 
THE URBAN AND THE RURAL CATCHMENT. 
1. THE HIGHLAND 
(A) 
MEAN 
MONTHLY 
DISCHARGE 
(CFS/SQ.ML.) 
OF 
HIGHLAND CREEK 
0.39 
0.37 
0.51 
0.39 
1.40 
1.64 
1.68 
0.45 
0.61 
0.48 
0.46 
0.41 
0.85 
1 .07 
0.70 
0.61 
0.82 
2.14 
0.75 
0.41 
0.32 
0.49 
0.38 
0.28 
0.81 
1 .09 
0.96 
0.68 
1 .62 
CREEK AND THE 
(B) 
MEAN 
MONTHLY 
DISCHARGE 
(CFS/SQ.ML.) 
OF 
COLD CREEK 
0.34 
0.36 
0.52 
0.38 
1 .68 
1 . 14 
2.24 
0.47 
0.27 
0.28 
0.28 
0.29 
0.37 
0.47 
0.57 
0.45 
0.48 
1 .42 
0.47 
0.42 
0.25 
0.22 
0.26 
0.27 
0.37 
0.48 
0.44 
0.41 
1.44 
COLD CREEK 
(d) 
0.05 
0.01 
-0.01 
0.01 
-0.28 
0.50 
-0.56 
-0.02 
0.34 
0.20 
0. 18 
0. 12 
0.48 
0.60 
0. 13 
0. 16 
0.34 
0.72 
0.28 
-0.01 
0.07 
0.27 
0. 12 
0.01 
0.44 
0.61 
0.52 
0.27 
0.18 
STREAMFLOW 
A < : B 
NEGATIVE 
RANKS 
3. 
63 
86 
8. 
3. 
5 
5 
.5 
RECORDS 
A > B 
POSITIVE 
RANKS 
13.5 
3.5 
3.5 
82.5 
71 
46.5 
40 
26.5 
80 
91 
29 
34.5 
71 
101 
63 
17 
59 
26.5 
3.5 
79 
92.5 
84 
59 
40 
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2.26 
0.79 
0.78 
0.52 
0.45 
0.49 
0.64 
0.80 
0.97 
1 .04 
1.47 
2.27 
0.72 
0.73 
0.58 
0.36 
0.41 
0.54 
0.39 
0.78 
0.70 
0.79 
0.66 
1 .25 
1.33 
0.99 
0.61 
0.55 
0.63 
0.46 
0.56 
0.66 
0.59 
0.23 
0.16 
0.76 
1.33 
0.87 
0.46 
0.55 
0.37 
0.45 
0.58 
0.66 
0.72 
0.64 
1.08 
1.74 
1.44 
0.66 
0.72 
1 .29 
0.45 
0.53 
0.75 
0.43 
0.40 
0.55 
0.71 
0.91 
0.43 
1 .22 
3.65 
0.75 
0.51 
0.43 
0.31 
0.32 
0.36 
0.37 
0.75 
0.83 
1.18 
0.59 
2.27 
1 .71 
0.81 
0.33 
0.35 
0.35 
0.31 
0.46 
0.52 
0.42 
0.30 
0.35 
0.97 
1.68 
0.46 
0.33 
0.36 
0.29 
0.28 
0.34 
0.45 
0.44 
0.35 
0.43 
0.89 
2.02 
0.40 
0.33 
0.97 
0.34 
0.25 
-0.23 
0.02 
0.09 
0.09 
0.09 
0.06 
0.61 
0.25 
-1 .38 
-0.03 
0.22 
0. 15 
0.05 
0.09 
0.18 
0.02 
0.03 
-0.13 
-0.39 
0.07 
-1 .02 
-0.38 
0. 18 
0.28 
0.20 
0.28 
0. 15 
0. 10 
0. 14 
0. 17 
-0.07 
-0.19 
-0.19 
-0.35 
0.41 
0.13 
0.19 
0.08 
0.17 
0.24 
. 0.21 
0.28 
0.29 
0.65 
0.85 
-0.58 
0.26 
0.39 
50.5 
1 10 
11.5 
29 
75.5 
108 
74 
17 
44 
44 
73 
89 
107 
71 
53.5 
8.5 
22.5 
22.5 
22.5 
15 
92.5 
53.5 
49 
32.5 
13.5 
22.5 
40 
8.5 
11.5 
17 
40 
63 
46.5 
63 
32.5 
25 
31 
36.5 
77.5 
29 
44 
19.5 
36.5 
52 
48 
63 
66 
98 
105.5 
57 
75.5 
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0 .56 
0.49 
0 .33 
0 .58 
0 .54 
1.05 
1 .16 
0 .51 
2 .35 
3.91 
0 .72 
0 .88 
0.64 
0 .67 
0 .87 
1 .02 
1.33 
1.83 
1 .30 
1.39 
3.50 
1.88 
1.39 
0 .88 
0 .64 
0 .98 
0 .77 
1 .08 
1 .20 
0.96 
0 .38 
0 .33 
0 .34 
0 .28 
0 .31 
0 .38 
0 .42 
0 .26 
0 .52 
3.93 
0 .47 
0 .47 
0 .37 
0 .34 
0 .30 
0 .40 
0 .48 
0 .56 
0 .98 
0 .89 
2 .93 
1 .26 
0 .76 
0 .29 
0 . 10 
0 . 14 
0 .15 
0 .29 
0 .51 
0 .47 
0 . 18 
0 . 16 
- 0 . 0 1 3. 
0 .30 
0 .23 
0 .67 
0.74 
0 .25 
1.83 
- 0 . 0 2 8, 
0 .25 
0 .41 
0 .27 
0 .33 
0 .57 
0 .62 
0 .85 
1 .27 
0 .32 
0 .50 
0 .57 
0 .62 
0 .63 
0 .59 
0 .54 
0.84 
0 .62 
0 .79 
0 .69 
0 .49 
TOTALS : 902 
40 
34 .5 
.5 
67 
50 .5 
99 
102 
53 .5 
111 
.5 
53 .5 
77 .5 
59 
69 
87 .5 
95 
105.5 
109 
68 
82 .5 
87 .5 
95 
97 
90 
85 
104 
95 
103 
100 
81 
5,310 
No p a i r s o m i t t e d 
T h u s , N = 1 1 1 . 
Z = 902 - 1/4 (111 * 112) 
/ 111 * 112 * 223 
J 24" 
= -2206 
339 .873 
- 6 . 4 9 1 
N.B. The t o t a l High land Creek r e c o r d , from O c t . 1964 
t o Dec. 1973 , was compared t o t h e c o r r e s p o n d i n g 
months of t h e Cold Creek r e c o r d . 
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2. THE LITTLE DON AND THE COLD CREEK STREAMFLOW RECORDS. 
(A) 
MEAN 
MONTHLY 
DISCHARGE 
( C F S / S Q . M L . ) 
OF 
LITTLE DON 
0 . 2 6 
0 . 3 7 
0 . 7 5 
0 . 7 5 
1 .81 
1 .60 
1 .36 
0 . 3 8 
0 . 3 0 
0 . 3 7 
0 . 2 7 
0 . 3 2 
0 . 6 7 
0 . 9 3 
0 . 8 5 
0 . 5 2 
0 . 7 1 
1 .57 
0 . 6 1 
0 . 5 0 
0 . 3 7 
0 . 2 3 
0 . 2 7 
0 . 3 1 
0 . 3 2 
0 . 9 8 
1 . 16 
0 . 5 3 
0 . 5 4 
1 .74 
1 .47 
0 . 6 5 
0 . 6 7 
0 . 6 0 
0 . 5 1 
0 . 5 1 
0 . 8 3 
(B) 
MEAN 
MONTHLY 
DISCHARGE 
( C F S / S Q . M L . ) 
OF 
COLD CREEK 
0 . 3 4 
0 . 3 6 
0 . 5 2 
0 . 3 8 
1 .68 
1 . 14 
2 . 2 4 
0 . 4 7 
0 . 2 7 
0 . 2 8 
0 . 2 8 
0 . 2 9 
0 . 3 7 
0 . 4 7 
0 . 5 7 
0 . 4 5 
0 . 4 8 
1 . 4 2 
0 . 4 7 
0 . 4 7 
0 . 4 2 
0 . 2 5 
0 . 2 2 
0 . 2 6 
0 . 2 7 
0 . 3 7 
0 . 4 8 
0 . 4 4 
0 . 4 1 
1 .44 
1 . 2 9 
0 . 4 5 
0 . 5 3 
0 . 7 5 
0 . 4 3 
0 . 4 0 
0 . 5 5 
( d ) 
- 0 . 0 8 
0 . 0 1 
0 . 2 3 
0 . 3 7 
0 . 1 3 
0 . 4 6 
- 0 . 8 8 
- 0 . 0 9 
0 . 0 3 
0 . 0 9 
- 0 . 0 1 
0 . 0 3 
0 . 3 0 
0 . 4 6 
0 . 2 8 
0 . 0 7 
0 . 2 3 
0 . 15 
0 . 14 
0 . 0 3 
- 0 . 0 5 
- 0 . 0 2 
0 . 0 5 
0 . 0 5 
0 . 0 5 
0 . 6 1 
0 . 6 8 
0 . 0 9 
0 . 13 
0 . 3 0 
0 . 18 
0 . 2 0 
0 . 14 
- 0 . 1 5 
0 . 0 8 
0 . 11 
0 . 2 8 
A < B 
NEGATIVE 
RANKS 
2 5 . 5 
1 1 7 . 5 
29 
2 . 5 
15 
5 . 5 
• 
46 
A > B 
POSITIVE 
RANKS 
2 . 5 
68 
94 
3 7 . 5 
101 
8 . 5 
29 
8 . 5 
8 7 . 5 
101 
77 
22 
68 
46 
41 . 5 
8 . 5 
15 
15 
15 
109 
113 
29 
3 7 . 5 
8 6 . 5 
5 6 . 5 
61 . 5 
41 . 5 
2 5 . 5 
3 3 . 5 
77 
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0.88 
1 .07 
0.61 
1.38 
2.88 
0.75 
0.79 
0.55 
0.38 
0.44 
0.57 
0.43 
0.79 
0.67 
1 .26 
0.57 
1 .62 
1.66 
1 .05 
0.52 
0.49 
0.47 
0.32 
0.47 
0.70 
0.47 
0.35 
0.57 
1 .28 
1 .44 
0.82 
0.40 
0.65 
0.59 
0.52 
0.63 
0.74 
0.73 
0.53 
1.06 
1.95 
1.79 
0.54 
0.51 
0.77 
0.74 
0.45 
0.48 
0.48 
1.15 
0.97 
0.71 
0.91 
0.43 
1 .22 
3.65 
0.75 
0.51 
0.43 
0.31 
0.32 
0.36 
0.37 
0.75 
0.83 
1 . 18 
0.59 
2.27 
1 .71 
0.81 
0.33 
0.35 
0.35 
0.31 
0.46 
0.52 
0.42 
0.30 
0.35 
0.97 
1.68 
0.46 
0.33 
0.36 
0.29 
0.28 
0.34 
0.45 
0.44 
0.35 
0.43 
0.89 
2.02 
0.40 
0.33 
0.38 
0.33 
0.34 
0.28 
0.31 
0.38 
0.42 
0.17 
0. 16 
0.18 
0.16 
-0.77 
0.0 
0.28 
0.22 
0.07 
0. 12 
0.21 
0.06 
0.04 
-0.06 
0.08 
-0.02 
-0.65 
-0.05 
0.24 
0.19 
0. 14 
0. 12 
0.01 
0.01 
0. 18 
0.05 
0.05 
0.22 
0.31 
-0.24 
0.36 
0.07 
0.29 
0.30 
0.24 
0.29 
0.29 
0.29 
0. 18 
0.63 
1 .06 
-0.23 
0. 14 
0. 18 
0.39 
0.41 
0. 11 
0.20 
0. 17 
0.77 
0.55 
115.5 
19.5 
5.5 
112 
15 
71.5 
68 
51.5 
48.5 
56.5 
48.5 
77 
65.5 
22 
35.5 
63.5 
19.5 
11 
25.5 
71 .5 
60 
41 .5 
35.5 
2.5 
2.5 
56.5 
15 
15 
65.5 
90 
92 
22 
82 
86.5 
71.5 
82 
82 
82 
56.5 
110 
120 
41 .5 
56.5 
97 
98 
33.5 
61 .5 
51 .5 
115.5 
106.5 
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0.63 
1.94 
3.90 
0.61 
0.77 
0.63 
0.63 
0.67 
0.84 
1 .12 
1.32 
1 .25 
1.10 
3. 10 
1.72 
1.08 
0.74 
0.46 
0.53 
0.50 
0.74 
1.11 
0.92 
1.66 
1.03 
1 .91 
1.85 
1.81 
0.94 
0.40 
0.41 
0.50 
0.41 
0.71 
0.56 
0.26 
0.52 
3.93 
0.47 
0.47 
0.37 
0.34 
0.30 
0.40 
0.48 
0.56 
0.98 
0.89 
2.93 
1.26 
0.76 
0.45 
0.36 
0.39 
0.35 
0.45 
0.60 
0.45 
0.78 
0.65 
2.50 
1 .31 
0.83 
0.39 
0.32 
0.31 
0.33 
0.41 
0.47 
0.38 
0.37 
1 .42 
-0.03 8. 
0. 14 
0.30 
0.26 
0.29 
0.37 
0.44 
0.64 
0.76 
0.27 
0.21 
0. 17 
0.46 
0.32 
0.29 
0. 10 
0. 14 
0.15 
0.29 
0.51 
0.47 
0.88 
0.38 
-0.59 108 
0.54 
0.98 
0.55 
0.08 
0. 10 
0. 17 
0.0 
0.24 
0. 18 
TOTALS : 764, 
94 
121 
5 
41.5 
87.5 
74 
82 
94 
99 
111 
114 
75 
63.5 
51 .5 
101 
91 
82 
31.5 
41.5 
46 
82 
104 
103 
117.5 
96 
105 
119 
106.5 
25.5 
31.5 
51.5 
71 .5 
56.5 
.5 6,614.5 
Two p a i r s were o m i t t e d 
Thus N = 1 2 1 . 
Z = 764.5 - 1/4 (121 » 122) 
I 1 2 1 * 122 * 243 
7 24 
= -2926 
386 .607 
= - 7 . 5 6 8 
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N.B. The total streamflow record for the Little 
Don catchment, Oct. 1964 to Dec. 1974, was 
compared with the corresponding months 
from the Cold Creek catchment. 
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APPENDIX 3 
A LISTING OF PROGRAM 'SMOOTH', WHICH CALCULATED THE SMOOTHED 
SEQUENCES FROM THE ORIGINAL DATA. 
C PROGRAM 5.6 FROM DAVIS,J.C 
C FOR TERMINAL USE SET F:9/NUMBERS;IN AND SET F:6 ME 
C FOR LP OUTPUT SET F:9/NUMBERS;IN AND SET F:6 LP 
C EXECUTE UNDER FORT4 
C FOR OPTIONS ENTER: BC,NS 
C OR SIMPLY DO A START RICHLMN AFTER SETTING DCB'S 
C 
C ROUTINE SMOOTH 
C ROUTINE TO PERFORM M TERM SMOOTHING 
C A MAXIMUM NUMBER OF DATA ENTRIES OF 250 
C 
C 
C XIN IS DATA SEQUENCE OF LENGTH N TO BE SMOOTHED BY 
C M-TERM MOVING AVERAGE, LENGTH OF OUTPUT IS IE=N-M+1 
C SMOOTHED SEQUENCE IS XOUT 
C XOUT(I)=THE SMOOTHED ESTIMATE FOR XIN(I+(M-1)/2) 
C M MUST BE A ODD NUMBER 
C 
C 
c DIMENSION XIN(250),XOUT(250) 
C 
C 
C READ IN THE NUMBER OF TERMS TO BE USED IN THE MOVING AVERAGE 
C 
C 
90 WRITE(6,70) 
70 FORMAT(/'ENTER THE SMOOTHING VALUE»,/,'THE VALUE MUST BE ODD.' 
INPUT M 
Z=AMOD(FLOAT(M),2.) 
IF (Z.EQ.O) GO TO 90 
WRITE(6,71) 
71 FORMAT(/'ENTER THE NUMBER OF DATA ENTRIES'/) 
INPUT N 
C 
C READ IN THE DATA SEQUENCE TO BE SMOOTHED AND PRINT IT OUT 
CALL READM(XIN,N,NM,250,250) 
CALL PRINTM(XIN,N,1,250,1) 
IE=N-M + 1 
DO 100 1=1, IE 
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SUM=0.0 
DO 101 J=1,M 
K=I+J-1 
SUM=SUM + XIN(K) 
101 CONTINUE 
XOUT(I)=SUM/FLOAT(M) 
100 CONTINUE 
C 
C PRINT OUT THE SMOOTHED DATA SEQUENCE 
C 
WRITE(6,2001) 
2001 FORMAT(//' SMOOTHED DATA SEQUENCE') 
CALL PRINTM(XOUT, IE, 1 ,250,1) 
SY=0.0 
SYY=0.0 
DO 102 1=1,N 
SY=SY+XIN(I) 
SYY=SYY + XIN(I)**2 
102 CONTINUE 
SYS=0.0 
SYYS=0.0 
SYC=0.0 
SYYC=0.0 
SSD=0.0 
DO 103 1=1,IE 
J=I+M/2 
SYS=SYS+XIN(J) 
SYYS=SYYS+XIN(J)**2 
SYC=SYC+XOUT(I) 
SYYC=SYYC+X0UT(I)**2 
SSD=SSD+(XIN(J)-XOUT(I))**2 
103 CONTINUE 
SSO=SYY-SY*SY/FLOAT(N) 
SSOS=SYYS-SYS*SYS/FLOAT(IE) 
SSS=SYYC-SYC*SYC/FLOAT(IE) 
PSS=(SSS/SS0S)*100.0 
WRITE(6,1000) 
WRITE(6,1001) SSO 
WRITE(6,1002) SSOS 
WRITE(6,1003) SSS 
WRITE(6,1004) SSD 
WRITE(6,1005) PSS 
ITYPE = 3 
CALL TSPLOT (XOUT,IE,ITYPE) 
STOP 
1000 F0RMATU3) 
1001 FORMAT(36H1SUMS OF SQUARES OF ORIGINAL DATA = , F 2 0 . 8 ) 
1002 FORMAT(37H0SUMS OF SQUARES OF TRUNCATED DATA = , F 2 0 . 8 ) 
1003 FORMAK36HOSUMS OF SQUARES OF SMOOTHED DATA = , F 2 0 . 8 ) 
1004 FORMAK36H0SUMS OF SQUARES DUE TO DEVIATION = , F 2 0 . 8 ) 
1005 F0RMAT(21H0% GOODNESS OF FIT = , F 2 0 . 8 / / ) 
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END 
C PROGRAM 4.1 
C 
C SUBROUTINE TO READ A MATRIX 
C HAVING N ROWS AND M COLUMNS 
C 
SUBROUTINE READM(A,N,M,N1,M1) 
DIMENSION A(N1) 
C 
C READ SIZE OF THE MATRIX 
C 
C READ MATRIX ONE ROW AT A TIME 
READ(9,1001,END=2000)(A(I),I=1,N) 
1001 F0RMAT(F10.4) 
100 CONTINUE 
2000 WRITE(6,5000) 
5000 FORMAT(//' INPUT DATA SEQUENCE') 
RETURN 
END 
C 
C PROGRAM 4.2 
C 
C SUBROUTINE TO PRINT A MATRIX 
C HAVING N ROWS AND M COLUMNS 
C 
SUBROUTINE PRINTM(A,N,M,N1,M1) 
DIMENSION A(N1,M1 ) 
C 
C PRINT MATRIX OUT IN STRIPS OF 10 COLUMNS 
C 
DO 100 IB=1,M,10 
IE=IB+9 
IF(IE-M) 2,2,1 
1 IE=M 
C 
C PRINT HEADING 
2 WRITE(6,2000) (I,I=IB,IE) 
DO 101 J=1, N 
C 
C PRINT ROW OF MATRIX 
WRITE(6,2001) J,(A(J,K),K=IB,IE) 
101 CONTINUE 
100 CONTINUE 
RETURN 
2000 FORMATOX, 10112) 
2001 F0RMAT(1H0,I3,')',10F12.4) 
END 
C 
C 
C PROGRAM 5.7 
C 
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C TO PLOT 1-DIMENSIONAL DATA ON THE LINE PRINTER 
C 
SUBROUTINE TSPLOT(X,N,ITYPE) 
C 
C X IS THE ONE DIMENSIONAL ARRAY TO BE PLOTTED 
C N IS THE NUMBER OF ELEMENTS IN X THAT ARE TO BE PLOTTED 
C 
C IF ITYPE=1, THE DATA TO BE PLOTTED WILL HAVE THE RANGE (-1,1) 
C IF ITYPE=2, ANY DATA MAY BE PLOTTED 
C IF ITYPE=3, LOG10 OF THE X ARRAY WILL BE PLOTTED, 
C THE ORIGINAL X ARRAY WILL NOT BE DESTROYED 
C 
c 
DIMENSION X ( 1 2 0 ) , I O U T ( 6 1 ) , X X ( 1 3 ) 
DATA I I , I S T A R , I B L N K / ' I ' , ' * ' , ' ' / 
I F U T Y P E . N E . 1) GO TO 11 
XMIN=-1 .0 
XMAX=+1.0 
GO TO 12 
11 XMIN=X(1) 
XMAX=XMIN 
DO 100 1 = 1 , N 
IF ( X ( I ) . L T . X M I N ) XMIN=X(I) 
I F ( X ( I ) .GT.XMAX) XMAX=X(I) 
100 CONTINUE 
IFQTYPE.NE.3) GO TO 12 
XMIN=ALOG10(XMIN) 
XMAX=ALOG10(XMAX) 
12 DX=XMAX-XMIN 
XXX=XMIN 
DO 101 1=1, 13 
XX(I)=XXX 
IFQTYPE.EQ.3) XX (I ) = 1 0. 0**XXX 
XXX=XXX+DX/12.0 
101 CONTINUE 
WRITE(6,2004) 
WRITE(6,2000) (XX (I) , 1=2,12,2) 
WRITE(6,2002) 
WRITE(6,2001) (XX(I) ,1 = 1,13,2) 
DO 102 1=1,N 
DO 103 J = 1 ,61 
IOUT(J)=IBLNK 
103 CONTINUE 
DO 104 J = 1 ,61 , 10 
IOUT(J)=II 
104 CONTINUE 
XXX=X(I) 
IF(ITYPE.EQ.3) XXX=ALOG10(XXX) 
IX=IFIX((XXX-XMIN)*60.0/DX)+1 
IOUT(IX)=ISTAR 
WRITE(6,2003) X(I) ,IOUT 
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102 CONTINUE 
WRITE(6,2002) 
WRITE(6,2001) ( X X ( I ) , 1 = 1 , 1 3 , 2 ) 
WRITE(6,2000) (XX(I) , 1 = 2 , 1 2 , 2 ) 
RETURN 
2000 FORMATd1X,6F10.4) 
2001 F0RMAT(6X,7F10.4) 
2002 F0RMAT(11X, '+ ' , 12 ( ' + ' ) ) 
2003 F0RMAT(1X,F10.4,61A1) 
2004 FORMATdHD 
STOP 
END 
APPENDIX 4 
AN EXAMPLE OF THE OUTPUT PRODUCED BY 'SMOOTH' 
THE 49 TERM SMOOTHING OF THE COLD CREEK STREAMFLOW RECORD 
After the printout of the input data sequence, the smoothed 
sequence is printed out in the form illustrated below, 
followed by a graph, automatically scaled to fit onto the 
printer, is printed out. 
SMOOTHED DATA SEQUENCE 
0 1 ) 
0 2) 
0 3) 
0 4) 
0 5) 
0 6) 
0 7) 
0 8) 
0 9) 
0 10) 
0 11) 
0 12) 
0 13) 
0 14) 
0 15) 
0 16) 
0 17) 
0 18) 
0 19) 
0 20) 
0 21 ) 
0 22) 
0 23) 
0 24) 
0 25) 
0 26) 
0 27) 
.6506 
.6590 
.6686 
.6820 
.6863 
.6984 
.7100 
.6808 
.6780 
.6796 
.6810 
.6816 
.6851 
.6882 
.6871 
.6816 
.6796 
.6896 
.6949 
.6947 
.6918 
.6906 
.6914 
.6926 
.6943 
.6980 
.6994 
Appendices 201 
0 28) 
0 29) 
0 30) 
0 3D 
0 32) 
0 33) 
0 34) 
0 35) 
0 36) 
0 37) 
0 38) 
0 39) 
0 40) 
0 41 ) 
0 42) 
0 43) 
0 44) 
0 45) 
0 46) 
0 47) 
0 48) 
0 49) 
0 50) 
0 51 ) 
0 52) 
0 53) 
0 54) 
0 55) 
0 56) 
0 57) 
0 58) 
0 59) 
0 60) 
0 61 ) 
0 62) 
0 63) 
0 64) 
0 65) 
0 66) 
0 67) 
0 68) 
0 69) 
0 70) 
0 71 ) 
0 72) 
0 73) 
0 74) 
0 75) 
.6967 
.6965 
.7063 
.7182 
.7000 
.6975 
.6945 
.6859 
.6841 
.6816 
.6767 
.6700 
.6600 
.6565 
.6422 
.6480 
.6422 
.6414 
.6402 
.6408 
.6404 
.6412 
.6435 
.6396 
.6426 
.6367 
.6845 
.6639 
.6445 
.6371 
.6378 
.6386 
.6386 
.6414 
.6443 
.6429 
.6502 
.6573 
.7012 
.7082 
.6908 
.6894 
.6892 
.6882 
.6890 
.6916 
.6943 
.6929 
SUMS OF SQUARES OF ORIGINAL DATA = 49 .00527954 
SUMS OF SQUARES OF TRUNCATED DATA = 32 .39102173 
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SUMS OF SQUARES OF SMOOTHED DATA = .04133606 
SUMS OF SQUARES DUE TO DEVIATION = 31.64358521 
% GOODNESS OF FIT = .12761575 
.6431 .6562 .6695 .6830 .6969 .7110 
.6367 
.65061 
.65901 
.66861 
.68201 
.68631 
.69841 
.71001 
.68081 
.67801 
.67961 
.68101 
.68161 
.68511 
.68821 
.68711 
.68161 
.67961 
.68961 
.69491 
.69471 
.69181 
.69061 
.69141 
.69261 
.69431 
.69801 
.69941 
.69671 
.69651 
.70631 
.71821 
.70001 
.69751 
.69451 
.68591 
.68411 
.68161 
.67671 
.67001 
.66001 
.65651 
.64221 * 
.64801 
.6496 
* 
I * 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I * 
I * 
I 
* I 
.6628 
I 
I 
I * 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I * 
I 
I 
I 
I 
.6762 
I 
I 
I 
I 
I 
I 
I 
I 
I* 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
* 
I 
I 
I 
I 
I 
ft 
* 
« 
« 
ft 
« 
« 
ft 
« 
« 
* 
« 
» 
« 
.6899 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
•I 
I 
I 
I* 
* 
I* 
I* 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
ft 
« 
« 
« 
* 
« 
« 
« 
* 
ft 
« 
.7039 
I 
I 
I 
I 
I 
I 
I * 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I* 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
.718 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
*I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
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•64221 
.64141 
.64021 
.64081 
.64041 
.64121 
.64351 
.63961 
.64261 
.6367* 
.68451 
.66391 
.64451 
.6371* 
.6378* 
.63861* 
.63861* 
.64141 
.64431 
.64291 
.65021 
.65731 
.70121 
.70821 
.69081 
.68941 
.68921 
.68821 
.68901 
.69161 
.69431 
.69291 
« 
ft 
« 
ft 
ft 
« 
« 
« 
ft 
« 
ft 
« 
« 
.6367 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
ft 
I * 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
.6496 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
ft 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
.6628 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I * 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
.6762 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
ft 
*I 
*I 
* I 
*I 
I* 
I * 
I * 
.6899 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
* I 
I * 
I 
I 
I 
I 
I 
I 
I 
I 
.7039 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
.7182 
.6830 .6969 .7110 
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APPENDIX 5 
A LISTING OF PROGRAM 'FLOWDUR', WHICH CALCULATED DATA 
FOR THE FLOW DURATION ANALYSIS. 
C TO RUN THIS PROGRAM 
C SET F : 6 TO ME OR LP WHICHEVER OUTPUT YOU PREFER 
C SET F:5 /FILENAME;IN WHERE FILENAME IS THE NAME 
C OF YOUR DATA F I L E . 
C THEN EXECUTE UNDER FORT4 OR SIMPLY DO START SORTLMN. 
C 
C A MAXIMUM OF 250 DATA POINTS CAN BE USED 
C 
DIMENSION X ( 2 5 0 ) , A ( 2 5 0 ) 
OUTPUT 'ENTER THE NUMBER OF DATA' 
INPUT M 
DO 7 I = 1 , M 
R E A D ( 5 , 5 ) X ( I ) 
5 FORMAKF8.3 ) 
A ( I ) = X ( I ) 
7 CONTINUE 
6 DO 1 1=1,M 
LIMUP=M-I 
DO 2 J=1,LIMUP 
I F ( X ( J ) . L T . X ( J + 1 ) ) GO TO 3 
GO TO 2 
3 TEMP=X(J) 
X ( J ) = X(J + 1 ) 
X(J+1)=TEMP 
2 CONTINUE 
1 CONTINUE 
WRITE(6,9)M 
9 FORMATC 1 ' ,'THE NUMBER OF DATA ENTRIES IS '13//) 
WRITE(6,8) 
8 F0RMAT(8X, ' INPUT DATA'5X'RANKED DATA'/) 
W R I T E ( 6 , 4 ) ( I , A ( I ) , X ( I ) , I = 1 , M ) 
4 F O R M A T ( 1 X , 1 3 , ' ) ' , 4 X , F 7 . 3 , 9 X , F 7 . 3 ) 
ITYPE=2 
CALL TSPLOT(X,M,ITYPE) 
END 
C PROGRAM TO PLOT 1-DIMENSIONAL DATA ON THE LP 
C SEE PROG. SMOOTH OR AVER FOR THE DETAILS 
SUBROUTINE TSPLOT(X,N,ITYPE) 
DIMENSION X (250) ,I0UT(61 ) ,XX(13) 
DATA II,ISTAR,IBLNK/'I ' ,'*' ,' '/ 
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IFUTYPE.NE. 1) GO TO 11 
XMIN=-1.0 
XMAX=+1.0 
GO TO 12 
11 XMIN=X(1) 
XMAX=XMIN 
DO 100 1=1,N 
IF (X(I) .LT.XMIN) XMIN=X(I) 
IF ( X ( I ) .GT.XMAX) XMAX=X(I) 
100 CONTINUE 
IFUTYPE.NE.3) GO TO 12 
XMIN=ALOG10(XMIN) 
XMAX=ALOG10(XMAX) 
12 DX=XMAX-XMIN 
XXX=XMIN 
DO 101 1 = 1 , 13 
XX(I)=XXX 
IFUTYPE.EQ.3) XX (I )= 1 0 . 0**XXX 
XXX=XXX+DX/12.0 
101 CONTINUE 
WRITE(6,2004) 
WRITE(6,2000) ( X X ( I ) , 1 = 2 , 1 2 , 2) 
WRITE(6,2002) 
WRITE(6,2001) ( X X ( I ) , 1 = 1 , 1 3 , 2 ) 
DO 102 1=1,N 
DO 103 J = 1 , 6 1 
IOUT(J)=IBLNK 
103 CONTINUE 
DO 104 J = 1 , 6 1 , 1 0 
IOUT(J )= I I 
104 CONTINUE 
XXX=X(I) 
IFUTYPE.EQ.3) XXX=ALOG10(XXX) 
IX=IFIX((XXX-XMIN)*60.0/DX)+1 
IOUT(IX)=ISTAR 
WRITE(6,2003) X(I),IOUT 
102 CONTINUE 
WRITE(6,2002) 
WRITE(6,2001) ( X X ( I ) , I = 1 , 1 3 , 2 ) 
WRITE(6,2000) ( X X ( I ) , 1 = 2 , 1 2 , 2 ) 
RETURN 
2000 FORMAT(11X,6F10.4) 
2001 FORMAT(6X,7F10.4) 
2002 FORMAT(11X,'+» , 1 2 C + ' ) ) 
2003 FORMAT(1X,F10.4,61A1) 
2004 FORMATOH1) 
STOP 
END 
APPENDIX 6 
AN EXAMPLE OF THE OUTPUT PRODUCED BY 'FLOWDUR' 
THE FLOW DURATION CALCULATION FOR THE HIGHLAND CREEK RECORD 
THE NUMBER OF DATA ENTRIES IS 111 
INPUT DATA RANKED DATA 
1) 
2 ) 
3) 
4) 
5) 
6) 
7) 
8) 
9) 
10) 
11) 
12) 
13) 
14) 
15) 
16) 
17) 
18) 
19) 
20) 
21 ) 
22) 
23) 
24) 
25) 
26) 
27) 
28) 
29) 
30) 
3D 
32) 
33) 
34) 
.390 
.370 
.510 
.390 
1 .400 
1 .640 
1.680 
.450 
.610 
.480 
.460 
.410 
.850 
1 .070 
.700 
.610 
.820 
2 . 140 
.750 
.550 
.410 
.320 
.490 
.380 
.280 
.810 
1 .090 
.960 
.680 
1 .620 
2 .260 
.790 
.780 
.520 
3 .910 
3.500 
2 .350 
2 .270 
2 .260 
2 . 140 
1 .880 
1 .830 
1 .740 
1 .680 
1 .640 
1 .620 
1 .470 
1 .440 
1 .400 
1.390 
1.390 
1.330 
1 .330 
1.330 
1 .300 
1 .250 
1 .200 
1 . 160 
1 .090 
1 .080 
1 .080 
1 .070 
1 .050 
1 .040 
1 .020 
.990 
.980 
.970 
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35) 
36) 
37) 
38) 
39) 
40) 
41) 
42) 
43) 
44) 
45) 
46) 
47) 
48) 
49) 
50) 
51) 
52) 
53) 
54) 
55) 
56) 
57) 
58) 
59) 
60) 
61) 
62) 
63) 
64) 
65) 
66) 
67) 
68) 
69) 
70) 
71 ) 
72) 
73) 
74) 
75) 
76) 
77) 
78) 
79) 
80) 
81) 
82) 
83) 
84) 
85) 
.450 
.490 
.640 
.800 
.970 
1 .040 
1 .470 
2 .270 
.720 
.730 
.580 
.360 
.410 
.540 
.390 
.780 
.700 
.790 
.660 
1 .250 
1.330 
.990 
.610 
.550 
.630 
.460 
.560 
.660 
.590 
.230 
.160 
.760 
1.330 
.870 
.460 
.550 
.370 
.450 
.580 
.660 
.720 
.640 
1 .080 
1 .740 
1 .440 
.660 
.720 
.560 
.490 
.330 
.580 
.960 
.960 
,880 
.880 
.870 
.870 
.850 
.820 
.810 
.800 
.790 
.790 
.780 
.780 
.770 
.760 
.750 
.730 
.720 
.720 
.720 
.720 
.700 
.700 
.680 
.670 
.660 
.660 
.660 
.660 
.640 
.640 
.640 
.640 
.630 
.610 
.610 
.610 
.590 
.580 
.580 
.580 
.560 
.560 
.550 
.550 
.550 
.540 
.540 
.520 
.510 
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86) 
87) 
88) 
89) 
90) 
91 ) 
92) 
93) 
94) 
95) 
96) 
97) 
98) 
99) 
100) 
101 ) 
102) 
103) 
104) 
105) 
106) 
107) 
108) 
109) 
110) 
111) 
.540 
1 .050 
1 .160 
.510 
2.350 
3.910 
.720 
.880 
.640 
.670 
.870 
1 .020 
1.330 
1 .830 
1 .300 
1.390 
3.500 
1.880 
1.390 
.880 
.640 
.980 
.770 
1 .080 
1 .200 
.960 
.510 
.490 
.490 
.490 
.480 
.460 
.460 
.460 
.450 
.450 
.450 
.410 
.410 
.410 
.390 
.390 
.390 
.380 
.370 
.370 
.360 
.330 
.320 
.280 
.230 
.160 
.4725 1.0975 1.7225 2.3475 2.9725 3.5975 
. 1600 
3.91001 
3.50001 
2.35001 
2.27001 
2.26001 
2.14001 
1.88001 
1.83001 
1 .74001 
1.68001 
1.64001 
1.62001 
1.47001 
1 .44001 
1.40001 
1.39001 
1.39001 
1.33001 
1.33001 
1.33001 
.7850 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
1 .4100 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
ft 
* 
•I 
*I 
*I 
* I 
* I 
* I 
ft 
« 
ft 
« 
ft 
« 
2.0350 
I 
I 
I 
I 
I 
I* 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
ft 
ft 
ft 
2.6600 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
3.2850 
I 
I * 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
3. 
*I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
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.30001 
.25001 
.20001 
. 16001 
.09001 
.08001 
.08001 
.07001 
.05001 
.04001 
.02001 
.99001 
.98001 
.97001 
.96001 
.96001 
.88001 
.88001 
.87001 
.87001 
.85001 
.82001 
.81001 
.80001 
.79001 
.79001 
.78001 
.78001 
.77001 
.76001 
.75001 
.73001 
.72001 
.72001 
.72001 
.72001 
.70001 
.70001 
.68001 
.67001 
.66001 
.66001 
.66001 
.66001 
.64001 
.64001 
.64001 
.64001 
.63001 
.61001 
.61001 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I* 
I* 
I* 
I* 
I* 
« 
» 
ft 
ft 
« 
•I 
*I 
*I 
*I 
*I 
*I 
* I 
* I 
* I 
* I 
* I 
* I 
* i 
* I 
* I 
* I 
* I 
* j 
* I 
* I 
* I 
* I 
* I 
* I 
* I 
.61001 
.59001 
.58001 
.58001 
.58001 
.56001 
.56001 
.55001 
.55001 
.55001 
.54001 
.54001 
.52001 
.51001 
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.1600 .7850 1.4100 2.0350 2.6600 3.2850 3.910 
.4725 1.0975 1.7225 2.3475 2.9725 3.5975 
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APPENDIX 7 
THE DETAILED CALCULATIONS OF APPLYING THE WILCOXAN TEST TO THE 
MONTHLY RAINFALL AND PRECIPITATION TOTALS FROM EACH OF THE 
URBAN AND THE RURAL CATCHMENT. 
1. THE MONTHLY RAINFALL TOTALS FROM THE ELLESMERE 
(HIGHLAND CREEK) AND THE COLD CREEK (COLD CREEK) 
METEOROLOGICAL STATIONS. 
(A) 
MEAN 
MONTHLY 
RAINFALL 
(INCHES) 
OF 
ELLESMERE 
1.39 
1.61 
1 .03 
2.41 
0.63 
2.05 
1 .32 
3.75 
3.49 
2.36 
2.88 
4.60 
2.65 
2.40 
1.03 
6.23 
2.96 
0.70 
0.70 
3. 12 
2.82 
5.40 
1.47 
3-17 
2.96 
3-07 
2. 14 
2.71 
(B) 
MEAN 
MONTHLY 
RAINFALL 
(INCHES) 
OF 
COLD CREEK 
2.32 
1.08 
0.76 
1.43 
0.38 
1 .59 
2.09 
1.53 
3.08 
2.84 
3.36 
4.47 
2.60 
3.77 
1 .22 
4.25 
2.46 
0.40 
0.47 
2.60 
1.90 
6.08 
5.02 
4.36 
2.75 
3.29 
1.66 
2.89 
(d) 
-0.93 
0.53 
0.27 
0.98 
0.25 
0.46 
-0.77 
2.22 
0.41 
-0.48 
-0.48 
0.13 
0.05 
-1 .37 
-0.18 
1 .98 
0.50 
0.30 
0.23 
0.52 
0.92 
-0.68 
-3.59 
-1.19 
0.21 
-0.22 
0.48 
-0.18 
A < B 
NEGATIVE 
RANKS 
82.5 
75 
55.5 
55.5 
94 
21 .5 
74 
103 
91 
27 
21.5 
A > B 
POSITIVE 
RANKS 
64.5 
34 
86 
31.5 
52.5 
102 
49.5 
18 
9 
101 
59 
39 
29 
62.5 
80.5 
25 
55.5 
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1.80 
1.75 
1.31 
1 .32 
3.92 
2.62 
0.87 
2.95 
2.93 
1.96 
3.94 
1.34 
1.84 
1.49 
3.45 
3.02 
2.15 
2.02 
2.90 
0.51 
1.90 
2.83 
0.70 
1. 17 
3.99 
2.89 
1.25 
3.08 
2.52 
2.13 
3. 16 
1.94 
0.96 
0.47 
2. 10 
0.22 
1.35 
0.84 
2.57 
3.31 
4.64 
1.29 
1.60 
1 . 15 
2.75 
1.71 
1.47 
3.09 
1.86 
3.39 
3.05 
2.24 
0.80 
0.99 
1.30 
3.00 
2.91 
2.25 
3.84 
3.24 
1 .67 
3.54 
0.37 
0.55 
1 .54 
4.27 
3.13 
2.13 
3.13 
2.98 
0.68 
1 .68 
3.85 
0.32 
1 . 14 
2.25 
2.53 
1 .78 
4.78 
2.51 
2.39 
2.92 
1 .81 
0.77 
0.58 
1.88 
0.52 
0.78 
1 .40 
2.09 
4.24 
4.89 
0.50 
1 . 14 
1 .25 
2.83 
1.68 
2.01 
3.43 
1 .20 
3.69 
1 .89 
-0.44 
0.95 
0.32 
0.02 
0.92 
-0.29 
-1 .38 
-0.89 
-0.31 
0.29 
0.40 
0.97 
1 .29 
-0.05 
-0.82 
-0.11 
0.02 
-1.11 
-0.08 
-0. 17 
0.22 
-1 .02 
0.38 
0.03 
1 .74 
0.36 
-0.53 
-1 .70 
0.01 
-0.26 
0.24 
0.13 
0.19 
-0.11 
0.22 
-0.30 
0.57 
-0.56 
0.48 
-0.93 
-0.25 
0.79 
0.46 
-0. 10 
-0.08 
0.03 
-0.54 
-0.34 
0.66 
-0.30 
1 . 16 
51 
36 
95 
79 
41 
9 
77 
15.5 
89 
11.5 
20 
87 
64.5 
99 
33 
15.5 
39 
67 
82.5 
31.5 
13.5 
1 1.5 
66 
44 
39 
84 
42.5 
3.5 
80.5 
36 
48 
85 
92 
3.5 
27 
47 
6 
100 
45 
1.5 
30 
18 
23.5 
27 
68 
55.5 
76 
52.5 
6 
72 
90 
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4.95 
1.97 
2 . 3 6 
1 .30 
4 .60 
2 .58 
3 .98 
2 .40 
1 .66 
1.59 
1.51 
4 .98 
2 .69 
0 .90 
1.01 
2 .92 
5 .05 
3 .71 
0 .46 
1 .56 
2 . 18 
0 .98 
2 .55 
0 .95 
3 .48 
1 .84 
1 .84 
0 .68 
3 .76 
1 .96 
3 .93 
1.89 
2 .33 
0 .97 
1.54 
3 .63 
3 .10 
0 .53 
1.50 
3 .24 
3 .66 
2 .16 
0 .56 
1.37 
2 . 17 
1 .49 
3 .58 
0 .66 
1.47 
0 .13 
0.52 
0 .62 
0 .84 
0 .62 
0 .05 
0 .51 
- 0 . 6 7 
0 .62 
- 0 . 0 3 
1.35 
- 0 . 4 1 
0 .37 
- 0 . 4 9 
- 0 . 3 2 
1.39 
1 .55 
- 0 . 1 0 
0 .19 
0 .01 
- 0 . 5 1 
-1 .03 
0 .29 
TOTALS 
No p a i r s omit ted 
Thus N = 103. 
Z = 2308 .5 - 1 /4 (10 
/ 103 * 104 * 207 
J 24 
= -369 .5 
303.958 
= - 1 . 2 1 6 
N.B. The monthly r a i n f a l l t o t a l s for the study period 
Oct. 1964 to Dec. 1974, were t e s t ed wherever 
corresponding monthly r e c o r d s from both 
me teo ro log ica l s t a t i o n s could be matched. 
i 
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73 
6 
49.5 
58 
42.5 
13.5 
60.5 
88 
2,308.5 
97 
18 
62.5 
70 
78 
70 
9 
60.5 
70 
93 
46 
96 
98 
23.5 
1.5 
36 
3,047.5 
104) 
2, THE MONTHLY PRECIPITATION TOTALS FROM THE RICHMOND 
HILL OWRC (LITTLE DON) AND THE COLD CREEK (COLD CREEK) 
METEOROLOGICAL STATIONS. 
(A) 
MEAN 
MONTHLY 
PRECIPITATION 
(INCHES) 
OF 
RICHMOND HILL 
1 .52 
2.37 
2.48 
3.53 
2.03 
1.29 
2.04 
3.40 
2.78 
3.44 
4.45 
2. 14 
2.22 
1.43 
3.40 
2.25 
1.20 
5.06 
3.45 
2.28 
2.03 
0.83 
2.90 
2.29 
6.47 
3.76 
4.25 
3.07 
4.48 
2.40 
2.47 
2.98 
2. 14 
2.70 
1.97 
1.89 
3.07 
(B) 
MEAN 
MONTHLY 
PRECIPITATION 
(INCHES) 
OF 
COLD CREEK 
2.32 
2.58 
1 .86 
3.03 
1.99 
2.09 
1.53 
3.08 
2.84 
3.36 
4.67 
2. 16 
2.51 
1 .02 
2.60 
3.77 
1 .22 
4.38 
2.77 
1 .83 
1 .56 
0.85 
2.69 
1 .90 
6.08 
5.02 
4.36 
2.75 
3.29 
2.32 
3.31 
4. 13 
1 .29 
2.47 
1 .30 
2.25 
3.84 
(d) 
-0.80 
-0.21 
0.62 
0.50 
0.04 
-0.80 
0.51 
0.32 
-0.06 
0.08 
-0.22 
-0.02 
-0.29 
0.41 
0.80 
-1 .52 
-0.02 
0.68 
0.68 
0.45 
0.47 
-0.02 
0.21 
0.39 
0.39 
-1 .26 
-0.11 
0.32 
1 . 19 
0.08 
-0.84 
-1 . 15 
0.85 
0.23 
0.67 
-0.36 
-0.77 
A < B 
NEGATIVE 
RANKS 
89. 
32 
89. 
11 
34 
2 
39. 
110 
2 
2 
107 
18 
94 
105 
47. 
85 
5 
5 
5 
,5 
A > B 
POSITIVE 
RANKS 
75 
64 
7 
65 
42.5 
16.5 
53.5 
89.5 
80.5 
80.5 
57.5 
60 
32 
49.5 
49.5 
42.5 
106 
16.5 
97 
35 
78 
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3.08 
1.60 
4.54 
3.44 
1.89 
0.50 
1.50 
3.78 
3.32 
2.48 
2.55 
1.97 
0.49 
2.05 
3.29 
1 .70 
1.81 
0.83 
1.69 
3.45 
2.46 
1.18 
4.38 
3.82 
2.53 
2.85 
2. 12 
3.47 
1.98 
3.16 
1.27 
1.55 
1 .65 
2.23 
6.36 
5.65 
1.39 
1.00 
1.77 
4. 11 
1.63 
2.53 
3.76 
2.21 
2.25 
2.98 
2. 17 
4.18 
2.91 
3.65 
2.81 
3.24 
1 .67 
4. 19 
2. 14 
2.05 
1 .30 
2.21 
4.27 
3.13 
2.13 
3.13 
2.98 
0.68 
2.34 
4.14 
1 .91 
2.65 
1 .19 
2.37 
2.67 
2.53 
1.78 
4.78 
2.51 
2.39 
2.92 
2.09 
4. 11 
2.42 
4.13 
2.36 
0.94 
1 .40 
2.09 
4.24 
4.89 
0.50 
1 . 14 
1 .65 
4. 11 
2.47 
2.07 
3.24 
2.26 
2.01 
3.43 
1 .20 
3.69 
1 .89 
3.48 
2.24 
-0.16 
-0.07 
0.35 
1 .30 
-0.16 
-0.80 
-0.71 
-0.49 
0.19 
0.35 
-0.58 
-1 .01 
-0.19 
-0.29 
-0.85 
-0.21 
-0.84 
-0.36 
-0.68 
0.78 
-0.07 
-0.60 
-0.40 
1.31 
0. 14 
-0.07 
0.03 
-0.64 
-0.44 
-0.97 
-1 .09 
0.61 
0.25 
0. 14 
2. 12 
0.76 
0.89 
-0.14 
0. 12 
0.0 
-0.84 
0.46 
0.52 
-0.05 
0.24 
-0.45 
0.97 
0.49 
1 .02 
0. 17 
0.57 
25.5 
13.5 
25.5 
89.5 
83 
62.5 
70.5 
102 
29.5 
39.5 
97 
32 
94 
47.5 
80.5 
13.5 
72 
51 .5 
13.5 
77 
55.5 
100.5 
104 
21 
94 
9 
57.5 
45.5 
108 
29.5 
45.5 
86 
109 
21 
5 
73.5 
37 
21 
111 
84 
99 
19 
59 
66 
36 
100.5 
62.5 
103 
27.5 
68.5 
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4 . 3 7 3 .65 - 0 . 2 8 38 
1.12 1.07 0.05 9 
1.56 1.87 -0 .31 41 
5.00 4.32 0.68 80.5 
2.81 2.24 0.57 68.5 
4 . 4 1 3 .93 0 .48 61 
2 .52 1.89 0 . 6 3 76 
1.75 2 . 3 3 - 0 . 5 8 7 0 . 5 
1.79 0 .97 0 .82 92 
1.57 1.54 0 .03 5 
4 . 4 8 3 . 6 3 0 .85 97 
3 .43 3 .36 0 .07 13 .5 
3 .98 3 .57 0 .41 53 .5 
3 .39 2 . 9 9 0 . 4 0 5 1 . 5 
1.65 1.31 0 .34 44 
2 . 0 9 2 . 1 4 - 0 . 0 5 9 
3.42 3-27 0.15 23.5 
4.13 3-69 0.44 55.5 
5.05 2.16 2.89 112 
1.35 0.56 0.79 87 
1.22 1.37 -0 .15 23.5 
2.34 2.17 0.17 27.5 
1.52 1.49 0.03 5 
3.34 3.87 -0 .53 67 
2.33 1-72 0.61 73.5 
One p a i r o m i t t e d 
Thus N = 112 . 
TOTALS : 2 ,678 3 ,650 
2678 - 1 / 4 ( 1 1 2 * 1 1 3 ) 
/ 112 * 113 * 225 
24 
- 4 8 6 . 0 
344 ,456 
-1 .411 
B. Same condit ions apply to t h i s analysis as in the 
previous one in regard to the records t e s t ed . 
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APPENDIX 8 
DATA COMPRISING THE 13 TERM SMOOTHED 
SEQUENCES FOR THE STUDY CATCHMENTS. 
1) 
2) 
3) 
4) 
5) 
6) 
7) 
8) 
9) 
10) 
11) 
12) 
13) 
14) 
15) 
16) 
17) 
18) 
19) 
20) 
21 ) 
22) 
23) 
24) 
25) 
26) 
27) 
28) 
29) 
30) 
3D 
32) 
33) 
34) 
35) 
36) 
HIGHLAND 
CREEK 
.7415 
.7938 
.8192 
.8269 
.8600 
.9169 
.8485 
.7615 
.7585 
.7362 
.7369 
.7308 
.7208 
.7177 
.7192 
.7392 
.7446 
.8062 
.8154 
.8185 
.8362 
.8446 
.8546 
.8546 
.8746 
.9146 
.9269 
.9231 
.9623 
1.0846 
1.0154 
.8977 
.8815 
.8492 
.8408 
.8477 
LITTLE 
DON 
.7085 
.7600 
.7969 
.7792 
.7762 
.7577 
.6815 
.6154 
.6146 
.6092 
.6015 
.6046 
.6046 
.6285 
.6462 
.6215 
.6231 
.7023 
.6946 
.6977 
.7108 
.7285 
.7500 
.7685 
.8085 
.8515 
.8585 
.8162 
.8815 
1.0615 
.9854 
.9331 
.9254 
.9031 
.8908 
.8954 
COLD 
CREEK 
.6631 
.6731 
.6892 
.6838 
.6915 
.6715 
.6200 
.4838 
.4800 
.4785 
.4738 
.4723 
.4708 
.4708 
.4715 
.4615 
.4585 
.5323 
.5223 
.5208 
.5254 
.5508 
.5646 
.5785 
.6008 
.6346 
.6762 
.6723 
.7323 
.9815 
.9285 
.8685 
.8669 
.8500 
.8169 
.8115 
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37) 
38) 
39) 
40) 
41) 
42) 
43) 
44) 
45) 
46) 
47) 
48) 
49) 
50) 
51) 
52) 
53) 
54) 
55) 
56) 
57) 
58) 
59) 
60) 
61) 
62) 
63) 
64) 
65) 
66) 
67) 
68) 
69) 
70) 
71 ) 
72) 
73) 
74) 
75) 
76) 
77) 
78) 
79) 
80) 
81) 
82) 
83) 
84) 
85) 
86) 
87) 
.8400 
.8508 
.8431 
.8292 
.8000 
.7831 
.7108 
.7315 
.7223 
.7200 
.7408 
.7446 
.7462 
.7669 
.7523 
.7162 
.6677 
.6754 
.6815 
.6462 
.6054 
.6008 
.5869 
.5731 
.5823 
.5900 
.5946 
.5985 
.6638 
.7854 
.8377 
.7862 
.7746 
.7823 
.7777 
.7746 
.7846 
.7815 
.81 15 
.8454 
.8354 
.9331 
1 . 1000 
1.0446 
1.0615 
1.0554 
1.0638 
1 .0931 
1 .1462 
1.2038 
1.3031 
.8892 
.8862 
.8700 
.8846 
.8815 
.9000 
.8062 
.8292 
.8085 
.8038 
.8108 
.8015 
.7938 
.8146 
.7900 
.7654 
.7123 
.7669 
.7531 
.6885 
.6385 
.6485 
.6562 
.6600 
.6838 
.7046 
.7069 
.7115 
.7662 
.8723 
.9115 
.8423 
.8185 
.8469 
.8538 
.8431 
.8400 
.8285 
.8600 
.8785 
.8862 
.9538 
1.1038 
1 .0131 
1.0308 
1.0400 
1 .0292 
1.0238 
1.0538 
1.1031 
1.1677 
.8092 
.8246 
.8338 
.8546 
.8669 
.9477 
.7985 
.8031 
.7892 
.7831 
.7862 
.7854 
.7931 
.8046 
.7792 
.7385 
.6746 
.7038 
.6585 
.5623 
.5254 
.5277 
.5231 
.5177 
.5200 
.5192 
.5131 
.5077 
.5177 
.5592 
.6400 
.5415 
.5315 
.5354 
.5331 
.5369 
.5369 
.5346 
.5292 
.5277 
.5208 
.5277 
.7615 
.6423 
.6477 
.6508 
.6477 
.6454 
.6500 
.6654 
.6846 
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88) 
89) 
90) 
91) 
92) 
93) 
94) 
95) 
96) 
97) 
98) 
99) 
100) 
101 ) 
102) 
103) 
104) 
105) 
106) 
107) 
108) 
109) 
1 10) 
111) 
1.3223 
1.3400 
1.5700 
1.5338 
1.3400 
1.3523 
1.3338 
1.3600 
1.3677 
1.3838 
1.3977 
1.3692 
1.1754 
1.1854 
1.3754 
1.3585 
1. 1415 
1.1515 
1.1277 
1.1200 
1.1100 
1.1154 
1.1362 
1.1208 
1.1469 
1.1300 
1.1923 
1.0962 
1.1031 
1.0923 
1.0662 
1.0623 
1.0600 
1.0531 
1.0508 
1.0085 
.7308 
.7669 
.9723 
1.0292 
.7854 
.7838 
.7754 
.7769 
.7777 
.7892 
.8046 
.8023 
.8192 
.7938 
.9177 
.7931 
.7600 
.7315 
.7215 
.7177 
.7131 
.7177 
.7192 
.7023 
N.B. The 13 term smoothed sequences covered the period 
April 1965, (Pt.1) to June 1974, (Pt.111). 
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APPENDIX 9 
DATA COMPRISING THE 49 TERM SMOOTHING 
SEQUENCES FOR THE STUDY CATCHMENTS. 
1) 
2) 
3) 
4) 
5) 
6) 
7) 
8) 
9) 
10) 
11 ) 
12) 
13) 
14) 
15) 
16) 
17) 
18) 
19) 
20) 
21 ) 
22) 
23) 
24) 
25) 
26) 
27) 
28) 
29) 
30) 
3D 
32) 
33) 
34) 
35) 
36) 
37) 
HIGHLAND 
CREEK 
.8067 
.8147 
.8214 
.8271 
.8326 
.8296 
.8233 
.8092 
.8124 
.81 12 
.8143 
.8143 
.8173 
.8135 
.8037 
.7941 
.7849 
.7837 
.7671 
.7696 
.7677 
.7706 
.7716 
.7708 
.7749 
.7826 
.7808 
.7716 
.7741 
.7957 
.7920 
.7594 
.7580 
.7535 
.7529 
.7504 
.7522 
LITTLE 
DON 
.7616 
.7724 
.7786 
.7890 
.7853 
.7814 
.7826 
.7763 
.7792 
.7831 
.7851 
.7861 
.7892 
.7898 
.7804 
.7702 
.7712 
.7829 
.7802 
.7845 
.7824 
.7882 
.7955 
.8006 
.8071 
.8157 
.8106 
.7977 
.8086 
.8373 
.8384 
.8194 
.8165 
.8186 
.8214 
.8202 
.8196 
COLD 
CREE! 
.6506 
.6590 
.6686 
.6820 
.6863 
.6984 
.7100 
.6808 
.6780 
.6796 
.6810 
.6816 
.6851 
.6882 
.6871 
.6816 
.6796 
.6896 
.6949 
.6947 
.6918 
.6906 
.6914 
.6926 
.6943 
.6980 
.6994 
.6967 
.6965 
.7063 
.7180 
.7000 
.6975 
.6945 
.6859 
.6841 
.6816 
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38) 
39) 
40) 
41 ) 
42) 
43) 
44) 
45) 
46) 
47) 
48) 
49) 
50) 
51) 
52) 
53) 
54) 
55) 
56) 
57) 
58) 
59) 
60) 
61) 
62) 
63) 
64) 
65) 
66) 
67) 
68) 
69) 
70) 
71) 
72) 
73) 
74) 
75) 
.7502 
.7553 
.7592 
,7484 
.7663 
.7998 
.7998 
.8029 
.8041 
.8104 
.8198 
.8196 
.8488 
.8702 
.8824 
.8947 
.9526 
.9655 
.9667 
.9645 
.9651 
.9739 
.9767 
.9894 
1.0024 
1.0086 
___ 
— . 
___. 
. 
__.. 
_ _ _ _ — 
. — 
_ _ „ ..._ 
.8124 
.8180 
.8159 
.8163 
.8278 
.8486 
.8457 
.8453 
.8469 
.8520 
.8567 
.8622 
.8763 
.8871 
.8990 
.8957 
.9473 
.9494 
.9375 
.9312 
.9300 
.9308 
.9314 
.9400 
.9531 
.9575 
.9818 
.9957 
1.0231 
1.0347 
1.0422 
1.0447 
1.0447 
1.0398 
1.0380 
1.0357 
1.0373 
1.0337 
.6767 
.6700 
.6600 
.6565 
.6422 
.6480 
.6422 
.6414 
.6402 
.6408 
.6404 
.6412 
.6435 
.6396 
.6426 
.6367 
.6845 
.6639 
.6445 
.6371 
.6378 
.6386 
.6386 
.6414 
.6443 
.6429 
.6502 
.6573 
.7012 
.7082 
.6908 
.6894 
.6892 
.6882 
.6890 
.6916 
.6943 
.6929 
N.B. The 49 term smoothed sequences covered the period 
from October 1966, (Pt.1) to December 1972, (Pt.75). 
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APPENDIX 10 
DATA COMPRISING THE FLOW DURATION 'CURVES' FOR 
THE THREE CATCHMENTS. 
1) 
2) 
3) 
4) 
5) 
6) 
7) 
8) 
9) 
10) 
11 ) 
12) 
13) 
14) 
15) 
16) 
17) 
18) 
19) 
20) 
21 ) 
22) 
23) 
24) 
25) 
26) 
27) 
28) 
29) 
30) 
3D 
32) 
33) 
34) 
35) 
36) 
37) 
HIGHLAND LITTLE 
CREEK DON 
3.91 : 3.90 
3.50 3.10 
2.35 2.88 
2.27 
2.26 
2. 14 
1.88 
1 .83 
1 .74 
1 .68 
1 .64 
1 .62 
1 .47 
1 .44 
1 .40 
1 .39 
1 .39 
1.33 
1 .33 
1.33 
1 .30 
1 .25 
1 ,20 
1.16 
1
 .09 
1 .08 
1 .08 
1 .07 
1 .05 
1 . 04 
1 .02 
.99 
.98 
.97 
.96 
.96 
.88 
I .95 
I .94 
! .91 
I .85 
I .81 
I .81 
I. 79 
I .74 
1.72 
1.66 
I .66 
1 .62 
1 .60 
1.57 
1 .47 
1 .44 
1 .38 
1 .36 
1 .32 
1 .28 
1 .26 
1.25 
1 . 16 
! . 15 
! . 12 
1.11 
! . 10 
1.08 
1 .07 
1 .06 
1 .05 
! .03 
.98 
.97 
COLD 
CREEK 
3.93 
3.65 
2.93 
2.50 
2.27 
2.24 
2.02 
1 .71 
1.68 
1.68 
1.44 
1.42 
1 .31 
1 .29 
1 .26 
1 .22 
1 . 18 
1 . 14 
.98 
.97 
.91 
.89 
.89 
.83 
.83 
.81 
.78 
.76 
.75 
.75 
.75 
.71 
.65 
.60 
.59 
.57 
.56 
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CO 
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ro 
Jr 
89) 
90) 
91 ) 
92) 
93) 
94) 
95) 
96) 
97) 
98) 
99) 
100) 
101 ) 
102) 
103) 
104) 
105) 
106) 
107) 
108) 
109) 
110) 
111) 
112) 
113) 
114) 
115) 
116) 
117) 
118) 
119) 
120) 
121) 
122) 
123) 
.49 
.48 
.46 
.46 
.46 
.45 
.45 
.45 
.41 
.41 
.41 
.39 
.39 
.39 
• 38 
.37 
.37 
.36 
.33 
.32 
.28 
.23 
. 16 
„ . — . 
... 
_ 
. 
„ „ „ - . 
» — . 
„ 
__.._ 
____ 
.51 
.51 
.51 
.50 
.50 
.50 
.49 
.48 
.48 
.47 
.47 
.47 
.46 
.45 
.44 
.43 
.41 
.41 
.40 
.40 
.38 
.38 
.37 
.37 
.37 
.35 
.32 
.32 
.32 
.31 
.30 
.27 
.27 
.26 
.23 
.36 
.35 
.35 
.35 
.35 
.35 
.34 
.34 
.34 
.34 
.33 
.33 
.33 
.33 
.33 
• 32 
.32 
.31 
.31 
.31 
.31 
.30 
.30 
.29 
.29 
.28 
.28 
.28 
.28 
.27 
.27 
.26 
.26 
.25 
.22 
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